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CONTINUOUSLY -TUN ABLE  HIGH-REPETITION  RATE  RF-EXCITED  CO,  WAVE¬ 
GUIDE  LASER 


SUMMARY 

The  concept  of  pumping  a  CO, -laser  with  a  radio-frequency  discharge  at  multiatmo- 
ipheric  preuuref  in  order  to  obtain  continuous  frequency  tuning  has  been  investi¬ 
gated  both  theoretically  and  experimentally.  Experimentally  40.68  MHz  rf-excitation 
of  discharges  between  parallel  plate  electrodes  with  up  to  7—8  kW  peak  rf-power  has 
been  investigated.  Emphasis  has  been  laid  on  how  to  attain  a  stable  glow-discharge 
with  sufficiently  long  duration  before  arcing  for  integration  of  enough  rf-power  in  the 
discharge  to  reach  threshold  for  laser  oscillation.  A  10  atm  rf-excited  CO,  waveguide 
laser  has  been  developed.  With  no  dispersive  elements  in  the  laser  resonator  and  with 
a  2%  output  coupler,  input  rf-power  threshold  for  laser  oscillation  was  2  kW  at 
10  atm.  Peak  output  power  was  1-5  kW  for  7—8  kW  input  rf-power.  The  output  pulse 
has  the  form  of  a  *300  ns  duration  gain-switched  pulse  followed  by  a  tail  at  lower 
power.  An  efficiency  (input  rf-energy/laser  output-energy)  of  2%  has  been  measured 
for  the  gain-switched  pulse.  The  laser  has  been  operated  with  pulse  repetition  rates  in 
excess  of  1  kHz,  limited  primarily  by  the  available  gas-flow  capacity.  Continuous 
frequency  tuning  between  the  R(12)  and  R(14)  lines  in  the  10.4  pm  band  has  been 
demonstrated. 


1  INTRODUCTION 

The  intention  of  this  work  has  been  to  investigate  whether  it  is  possible  to  develop  a 
continuously  tunable  CO,  waveguide  laser  based  on  a  radio-frequency  (rf)  discharge 
in  a  CO,  laser— gas  mixture  at  high  pressure.  Work  performed  at  low  and  medium  gas 
pressures  (100  ton  —  2  atm)  (1—6)  has  shown  that  application  of  rf  excitation  tech¬ 
nique  has  several  advantages,  which  may  also  be  valid  at  high  pressures.  The  necessary 
operating  pressure  for  continuous  frequency  tuning  is  approximately  5  atm  when  a 
mixture  of  CO,  isotopes  is  used  (7)  and  10  atm  when  a  single  isotope  is  used  (8).  A 
continuously  tunable  rf-excited  CO,  waveguide  laser  would  be  particularly  attractive 
for  spectroscopy,  remote  sensing,  short  pulse  generation  and  optical  pumping  of  other 
infrared  lasers. 

In  this  report  is  described  a  theoretical  and  experimental  investigation  into  the  pump¬ 
ing  of  a  high-pressure  molecular  gas  laser  with  an  electrical  rf  discharge.  Several 
tunable  resonator  designs  suitable  for  continuous  frequency  timing  of  such  a  laser  are 
evaluated.  The  first  operation  of  an  rf  excite J  CO,  waveguide  laser  at  10  atm  gas 
pressure  is  reported.  Frequency  tunability  hat.  oeen  demonstrated  by  continuous  tun¬ 
ing  between  vibrational— rotational  line  centres. 

Tunable  coherent  light  sources  have  wide  applications  in  areas  like  high  resolution 
spectroscopy  (9—11)  in  the  study  of  ultrafast  phenomena  in  atoms  and  molecules 
(12)  and  in  photochemistry  (IS).  There  is  a  large  research  activity  on  development 
and  application  of  tunable  lasers  in  remote  sensing  (14)  and  in  isotope  separation 
(15).  Medium-  and  high-power  tunable  sources  may  be  used  to  pump  other  laser 
media  (11,15,16).  At  the  Norwegian  Defence  Research  Establishment  (NDRE)  re¬ 
mote  sensing  of  pollutants,  exhaust  gases  and  toxic  gases  in  the  atmosphere  have 
motivated  the  work  described  in  this  report. 

Tunable  coherent  light  sources  can  be  realized  in  different  ways.  One  way  is  to  use  a 
laser  with  a  broad  gain  profile.  The  laser  frequency  may  be  tuned  across  the  gain 
profile  by  using  dispersive  elements  in  the  laser  resonator.  Dye  lasers,  exdmer  lasers 
and  high-pressure  gas  lasers  are  examples  of  this  type.  Another  possibility  is  to  utilize 
the  shift  of  energy  levels  in  a  laser  active  medium  by  external  perturbations.  In  this 
way  the  gain  profile  may  be  frequency  tuned  and  the  laser  resonator  need  not  be 
tunable.  The  level  shift  may  be  caused  by  an  external  magnetic  field  (spin-flip  Raman 
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lasers  and  Zeeman-tuned  gas  lasers)  or  by  temperature  or  pressure  changes  (semicon¬ 
ductor  lasers).  A  third  possibility  for  generation  of  tunable  coherent  radiation  is  baaed 
on  optical  frequency  mixing  in  media  with  a  sufficiently  large  non-linear  susceptibi¬ 
lity.  When  sufficiently  intense  laser  radiation  is  incident  on  such  a  medium,  radiation 
at  multiples  of  the  incident  frequency  may  be  generated  (frequency  doubling,  trip¬ 
ling).  When  two  beams  are  inserted,  radiation  at  both  the  sum  and  difference  fre¬ 
quency  may  be  generated.  In  a  molecular  or  atomic  gas  the  incident  radiation  may  be 
frequency  shifted  by  the  Raman  effect  (Raman  laser).  In  all  these  examples  of  fre¬ 
quency  mixing  one  of  the  incident  frequencies  must  be  tunable  in  order  to  produce 
tunable  radiation.  The  advantage  is  that  tunable  radiation  may  be  generated  in  a 
frequency  domain  where  no  other  practical  tunable  sources  exist. 

The  optical  parametric  oscillator  may  generate  tunable  radiation  from  a  fixed  fre¬ 
quency  which  is  incident  upon  a  crystal  with  non-linear  susceptibility.  The  incident 
wave  may  be  split  into  two  waves  with  different  frequencies  and  wavevectors.  By 
varying  the  angle  of  incidence  against  the  optical  axis  of  the  birefringent  crystal  or 
controlling  the  refractive  index  through  the  crystal  temperature,  the  frequencies  of 
the  two  waves  may  be  varied  within  wide  ranges. 

Today  the  whole  spectral  region  from  the  ultra-violet  (—100  A)  to  the  far  infrared 
(— 1 00  tun)  is  covered  by  tunable  coherent  sources,  see  Figure  1.1.  In  the  ultra-violet 
and  visible,  excimer  lasers  and  dye  lasers  are  the  most  commonly  used.  Colour  centre 
lasers,  spin-flip  Raman  lasers,  semiconductor  lasers  and  optical  parametric  oscillators 
are  used  in  the  visible  and  infrared.  Frequency  mixing  techniques  may  cover  all 
spectral  regions.  A  good  survey  over  the  various  sources  and  techniques  can  be  found 
in  (11). 

The  tunable  lasers  and  techniques  vary  considerably  in  complexity,  reliability,  life¬ 
time,  output  power,  frequency  bandwidth  and  stability,  and  price.  For  example,  the 
spin  flip  Raman  laser  requires  a  high-power  pump  laser,  a  100  kGauss  tunable  magnet 
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for  frequency  tuning,  and  it  must  be  operated  at  liquid  He  temperatures.  The  semi' 
conductor  lasers  have  output  powers  in  the  mW  power  range,  there  are  problems  with 
regard  to  frequency  control  and  mode  jumping,  and  in  the  infrared  spectral  region 
they  must  be  operated  at  liquid  He  or  liquid  N2  temperatures.  The  dye  laser  is 
perhaps  the  most  highly  developed  tunable  laser  with  respect  to  reliability,  narrow 
bandwidth  and  frequency  stability.  Continuous  wave  output  powers  up  to  100  W  and 
peak  pulse  power  up  to  10*  W  may  be  achieved.  Nonlinear  frequency  mixing  tech¬ 
niques  rely  on  advanced  crystal  technology.  Colour  centre  lasers  and  the  transition 
metal  lasers  (17)  are  promising  sources  which  are  under  development.  Recently  the 
Alexandrite  transition  metal  laser  has  become  commercially  available  (18). 

In  general  the  various  sources  are  suited  for  quite  different  applications.  Most  of  them 
are  only  suitable  for  use  in  the  laboratory.  Thus  there  is  extensive  research  activity  on 
development  of  practical  and  reliable  tunable  coherent  sources.  It  is  the  author’s  hope 
with  the  present  work  to  make  a  contribution  in  this  field. 

The  C02  molecule  has  many  fortunate  properties  which  make  it  suitable  for  light 
amplification  by  stimulated  emission  of  radiation.  C02  lasers  oscillate  within  many 
closely  spaced  rotational— vibrational  lines  between  9  and  1 1  pm.  This  region  falls 
within  the  good  transmission  window  between  8  and  12  pm  in  the  atmosphere.  C02 
lasers  have  been  operated  cw  with  several  kW  output  power,  with  several  GW  peak 
pulse  output  powers  and  with  pulse  energies  of  several  kj.  C02  lasers  can  be  made 
fairly  compact  (~10  cm  long),  they  can  operate  at  room  temperature,  and  the  fre¬ 
quency  stability  can  be  very  good  (one  part  in  109—  10‘ 0  (19)).  Sealed-off  tube 
lifetimes  have  exceeded  many  thousand  hours.  Operating  efficiency  can  approach 
30%.  The  gain  medium  (C02,  N2  and  He  gas)  is  commercially  available  with  very 
good  purity  at  a  reasonable  price,  and  is  easy  to  handle.  The  C02  later  can  be 
Q-switched  and  has  been  electrically,  optically,  gas-dynamically  and  chemically 
pumped. 

There  exists  an  enormous  amount  of  literature  on  C02  lasers,  which  is  rapidly  becom¬ 
ing  out  of  date.  DeMaria  wrote  a  good  review  article  in  1973  (20). 

At  the  normal  low  operating  pressures  (~20— 30  torr)  the  C02  laser-active  transitions 
have  a  ~50  MHz  wide  Doppler  broadened  Iinewidth.  The  lines  are  separated  by 
20—70  GHz.  The  pressure  broadening  of  the  lines  is  approximately  4  GHz  per  atm 
(full  width  at  half  maximum,  *  FWHM).  A  frequency  tuning  range  of  1.2  GHz  within 
a  single  line  has  been  achieved  in  a  continuous  wave  (cw)  C02  waveguide  laser  (21). 
At  approximately  ten  atmospheres  the  pressure-broadened  lines  overlap  sufficiendy  to 
allow  continuous  timing  between  the  line  centres.  At  this  pressure  only  pulsed  opera¬ 
tion  has  been  possible,  mainly  due  to  the  pump  power  and  cooling  requirements. 

Continuously  tunable  C02  lasers  have  been  demonstrated  both  with  optical  pumping 
(23,  24)  and  direct  current  (dc)  electric  discharge  pumping  with  some  sort  of  preioni¬ 
zation  (7, 8,  25—28).  Optical  pumping  has  several  general  advantages,  for  example  it 
can  selectively  excite  only  one  energy  state.  Since  negligible  dissociation  occurs,  it  is 
feasible  to  use  rare  and  expensive  isotopes  of  atoms  and  molecules  in  sealed-off 
cavities.  The  main  problem  is  drat  a  high -power  pump  laser  oscillating  on  a  specific 
frequency  is  required.  Electric  discharge  pumping  has  the  advantage  that  it  may  be 
realized  with  more  readily  available  and  less  expensive  components.  In  high  pressure 
C02  lasers  the  electric  pumping  is  accomplished  by  electron  impact  on  C02  and  N2 
in  a  short  duration  glow  discharge.  The  main  problems  are  formation  of  arcs  in  die 
glow  discharge,  which  is  detrimental  to  laser  performance,  and  gas  dissociation,  which 
makes  sealed-off  operation  difficult.  Also  sputtering  of  die  electrodes  may  limit  the 
laser  lifetime.  DC  electric  discharge  pumping  requires  very  high  voltages,  typically 
40—70  kV.  Some  of  the  lasers  use  an  electron  beam  to  preionize  and  sustain  the 
discharge  (25,26).  This  requires  large  installations,  which  usually  need  frequent  main¬ 
tenance.  A  common  problem  with  both  optical  and  electric  discharge  pumping  is 
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damage  to  the  optical  components  in  the  tunable  laser  resonator  caused  by  the 
high-power  optical  fields. 

High-pressure  electric  glow  discharges  may  be  preionized  by  uv-radiation  from  an  arc 
discharge  (8, 22, 27—29).  A  well-known  technique  is  to  first  ignite  an  arc  and  then 
rapidly  apply  a  voltage  with  reversed  polarity  and  with  the  right  magnitude  for  a  g?o>  v 
discharge  (29,  30).  Subsequent  reversals  of  the  voltage  polarity  is  exactly  what  hap¬ 
pens  in  an  rf  discharge. 

In  an  rf  glow  discharge  arcs  should  not  so  easily  develop  since  the  oscillating  ’’pulses" 
may  be  made  very  short,  and  local  development  of  arcs  should  be  quenched  by  the 
subsequent  reversals  of  voltage  polarity.  The  rf  discharge  may  be  ’’electrodeless”,  for 
example  with  parallel  plate  metal  electrodes  covered  by  a  dielectricum.  With  an 
appropriate  choice  of  frequency  and  electrode  separation  the  electrons  may  oscillate 
within  the  discharge  region  without  colliding  with  the  boundary.  In  this  way  the 
problem  with  sputtering  of  the  electrodes  should  be  reduced.  The  dielectric  electrodes 
may  form  an  optical  waveguide  which  both  confines  the  gas  discharge  and  guides  the 
optical  field  (96—97).  This  allows  for  a  compact  laser  construction.  With  the  short 
electrode  separation  typical  for  a  waveguide  laser,  a  lower  discharge  voltage  will  be 
required  compared  to  what  is  typical  in  high-pressure  dc -excited  lasers.  Also  the 
voltage  may  be  transformed  to  the  appropriate  level  at  the  laser  head,  which  elimi¬ 
nates  the  need  for  the  very  high  voltage  power  supply. 

Several  gas  lasers  have  been  made  with  rf  excitation.  The  first  C02  laser  was  pumped 
by  the  if  discharge  generated  by  the  electromagnetic  field  from  a  coil  surrounding  the 
laser  gas  (31).  The  noise  in  the  output  from  He— Ne  lasers  has  been  found  to  be  less 
when  the  laser  is  pumped  by  an  rf  discharge  than  by  a  dc  discharge  (32).  RF  fields  in 
the  MHz  and  GHz  frequency  domain  have  been  used  both  alone  and  together  with  a 
dc  field  to  pump  C02  lasers  at  low  pressures  (1,  2,  5,  6,  31,  33—37),  a  Xe-He  laser 
(38),  He-Ne  lasers  (32,  39,  40),  a  CO  laser  (41)  and  Br,  C,  Cl,  S  and  Si  lasers  (42). 
Pulsed  and  cw  small  compact  rf-cxcited  C02  waveguide  lasers  operating  in  the 
100  torr  pressure  range  have  been  developed  (1,  2,  5,  6).  CW  rf  C02  waveguide  lasers 
are  now  commercially  available  (43,  44).  An  extimer  laser  has  been  pumped  with 
9.375  GHz  microwave  power  up  to  2  atm  gas  pressure,  limited  by  the  gas  handling 
equipment  (45)*.  High  pressure  operation  of  rf-excited  C02  HF,  F  and  Xe  lasers  have 
been  reported  (4).  Lachambre  et  al  (3)  have  operated  an  rf  C02  waveguide  laser  up  to 
1  atm  using  a  1  kW  amplifier  at  21  MHz.  Christensen  et  al  (4)  reported  operation  of 
an  rf  C02  waveguide  laser  up  to  2  atm  using  a  100  kW  amplifier  at  30  MHz,  and 
Bakarcv  et  al  (46)  reported  operation  up  to  3  atm  with  a  30  MHz  amplifier.  These  are 
the  highest  pressures  at  which  rf-excited  lasers  have  been  operated  so  far. 

At  the  Norwegian  Defence  Research  Establishment,  Stig  Landro  has  made  two  rf- 
excited  CO,  waveguide  lasers  operating  at  pressures  up  to  400  torr  (47).  He  used  a 
100  W  rf  amplifier  at  40.68  MHz.  This  work  formed  a  baas  for  the  work  described  in 
this  report.  From  the  start  it  was  chosen  to  use  an  industrial  band  frequency  because 
radiation  was  considered  unavoidable,  at  least  under  the  experimental  situation. 
40.68  MHz  was  chosen  because  it  was  the  highest  industrial  band  frequency  before 
the  GHz  domain.  First  a  laser  suitable  for  operation  up  to  1—2  atm  was  built.  After  a 
successful  operation  of  this  laser,  a  small  discharge  chamber  was  built  to  study  dis¬ 
charge  parameters  and  optical  gain  at  up  to  10  atm  gas  pressure.  Based  on  the  studies 
in  the  high  pressure  discharge  chamber,  a  laser  was  built  with  a  housing  suitable  for 
more  than  10  atm  pressure.  This  laser  was  operated  at  up  to  11  atm  at  1  kHz  pulse 
repetition  rate  with  only  2  kW  rf  pump  power  (48).  Since  then,  experiments  have 
been  made  in  order  to  tune  the  rf  laser  continuously  between  the  line  centres. 


» 


Note  added  in  proof:  Results  from  studies  of  microware -excited  eadmer  laser  has  recently  been 
reported  by  the  same  authors  at  up  to  5  atm  gas  pressure  (124). 
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In  this  report,  a  short  description  will  first  be  given  of  the  characteristics  of  the 
10  atm  rf  C02  laser  and  the  equipment  used  to  drive  it.  It  will  be  compared  to 
characteristics  of  dc-discharge  excited  multiatmospheric-pressure  C02  lasers.  In  Chap¬ 
ters  3  and  4  will  be  treated  the  two  main  parts  of  the  laser,  that  is,  the  broadband 
amplifying  medium  and  the  tunable  resonator.  These  chapters  are  based  on  a  litera¬ 
ture  survey.  Several  tunable  resonator  designs  suitable  for  the  rf  C02  waveguide  laser 
are  evaluated  in  Chapter  4.  In  Chapter  5  the  experimental  apparatus  that  has  been 
used  will  be  described,  and  the  experimental  results  will  be  given  in  Chapter  6. 
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2  DESCRIPTION  OF  THE  10  ATMOSPHERES  HIGH-REPETITION  RATE  RF- 
EXC3TED  COj  WAVEGUIDE  LASER 

In  direct-current  (dc)  excitation  of  multiatmospheric  pressure  C02  lasers  the  electrical 
energy  stored  in  large  capacitors  is  coupled  into  the  discharge  in  very  short  duration 
pulses  (8,  22,  25—29,  49—52).  In  this  way  very  high  pump  powers  are  obtainable. 
Typical  pump  pulse  durations  may  be  0.1  —  1  /is  and  peak  pump  powers  in  the 
100  MW  range  are  obtainable.  The  short  pulse  duration  is  necessary  to  avoid  forma¬ 
tion  of  arcs.  The  pulse  repetition  rates  are  usually  low,  typically  from  single  shot  to 
50  Hz  (52). 

The  rf  discharge  for  pumping  of  the  rf  C02  waveguide  laser  is  characterized  by  a 
much  lower  power  level  and  a  much  longer  pump  pulse  duration.  Long  pulse  dura¬ 
tions  are  necessary  because  rf  power  sources  cannot  easily  deliver  the  very  high  power 
obtainable  by  discharging  the  high  energy  capacitors.  Long  duration  pulses  are  obtain¬ 
able  in  rf  glow  discharges  because  arcs  do  not  so  easily  develop  as  in  dc  glow 
discharges.  In  the  experiments  described  in  this  report  it  has  been  necessary  to  use 
He-rich  gas  mixtures  (typically  96%  He,  2%  C02  and  2%  N2).  Also  the  metal  elec¬ 
trodes  had  to  be  covered  by  a  dielectricum,  and  the  separation  between  the  dielectric 
plates  had  to  be  small,  typically  1mm,  to  obtain  long  duration  arc-free  discharge 
pulses. 

A  cross-section  of  the  laser  and  schematic  diagram  of  the  excitation  circuitry  are 
shown  in  Figure  2.1.  The  optical  axis  is  normal  to  the  paper  plane.  The  copper 
electrodes  are  135  mm  long.  The  ungrounded  electrode  is  2  mm  thick,  and  is  clamped 
to  the  room  temperature  heath  sink  with  a  boron  nitride  block  for  efficient  cooling. 

The  parallel  plate  waveguide  is  formed  by  polished  sapphire  ribbons  which  are 
0.75  mm  thick,  150  mm  long  and  12  mm  wide,  and  which  are  epoxied  on  the  electro¬ 
des.  The  gap  between  the  sapphire  ribbons  is  variable.  1  mm  to  1.5  mm  gaps  were  used 
in  most  of  the  experiments.  The  gas  is  flowed  through  the  waveguide  transversely  to 
the  optical  axis. 

The  optica]  resonator  elements  are  mounted  inside  the  pressure -tight  chamber,  close 
to  the  waveguide.  The  chamber  is  made  of  an  aluminium  baseplate  and  Lucite  side 

( PULSE  GENERATOR  j 
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figure  2.1  Cross-section  of  the  laser  and. 

schematics  of  the  excitation 
circuitry 

The  optical  axil  is  normal  to  the  paper  plane. 
Gas  flows  through  a  slit  having  the  same  length 
as  the  electrodes. 


Figure  2.2  Photograph  of  the  laser  with 
top  cover  and  side-walls  re¬ 
moved 

Two  mirrors  are  mounted  close  to  the  waveguide 
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walls  and  top  cover.  The  optical  ele¬ 
ments  may  be  adjusted  from  the  out¬ 
side.  The  rf  amplifier  is  connected  to 
the  laser  with  an  impedance  match¬ 
ing  network.  The  overall  length  of 
the  laser  is  32  cm. 

A  picture  of  the  laser  with  top 
cover  and  side-walls  removed  is 
shown  in  Figure  2.2.  Under  opera¬ 
tion,  both  the  laser  head  and  the 
impedance  matching  network  are 
covered  by  rf  shielding  boxes.  The 
rf  power  source  consists  of  a 
40.68  MHz  oscillator,  a  pulse  modu¬ 
lator,  a  50  W  preamplifier  ai.d  a 
7—8  kW  final  power  stage. 


Figure  2.3  Input  and  reflected  rf  pulses,  and 
overlay  of  approximately  10  con¬ 
secutive  laser  pulses  at  10  atm 
gas  pressure 

Input  rf  power  is  approximately  2  kW. 

A:  Input  and  reflected  rf  pulses  from  '-40  dB  direc¬ 
tional  couplers  (superposed).  (5  V/div). 

B:  Laser  pulses  (40  W/div).  Horizontal  scale  is 
2  ps/div. 


matcly  10  consecutive  pulses.  The  laser  has 
from  20  Hz  to  above  1  kHz.  Good  pulse  to 
rate  are  important  for  applications  of  the  last 


Typical  output  pulses  at  1 0  atm  gas 
pressure  are  shown  in  Figure  2.3.  A 
pulse  consists  of  an  approximately 
300—400  ns  duration  gain-switched 
spike  followed  by  a  tail  with  lower 
power.  With  7.5  kW  pump  power,  a 
peak  pulse  power  of  1 .5  kW  has  been 
obtained.  The  good  pulse  stability  is 
illustrated  by  the  fact  that  Figure  2.3 
shows  a  superposition  of  approxi- 
been  operated  with  pulse  repetition  rates 
pulse  stability  and  high  pulse  repetition 
:r  in  spectroscopy  and  remote  sensing. 
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3  RADIO-FREQUENCY  DISCHARGE  EXCITATION  OF  A  MULTIATMOSPHERIC- 
PRESSURE  C02  WAVEGUIDE  LASER 

In  this  chapter  the  concept  of  pumping  a  multiatmospheric-pressure  molecular  gas 
laser  with  a  radiofrequency  (rf)  electrical  discharge  between  parallel  plate  electrodes  is 
analysed.  Quantitatively,  only  the  C02  laser  will  be  considered.  The  analysis  should 
be  qualitatively  relevant  for  rf  excitation  of  other  gases  like  N20,  CS2,  OCS,  CO,  HF, 
DF  and  others,  and  for  various  isotopes  of  these  gases.  Continuous  timing  between 
vibrational-rotational  line  centres  have  been  demonstrated  in  CI2  026(the  standard 
isotope)  and  C'3  026  at  10  atm,  in  N20  at  5  atm  and  in  C12  S22  and  C13  S|2at  4  atm 
(53),  see  Figure  3.1. 

A  large  amount  of  literature  exists  on  direct-current  (dc)  excitation  of  C02  lasers.  In 
the  gas  pressure  regimes  used  in  this  work  the  electron/neutral-particle  collision  fre¬ 
quency  is  much  larger  than  the  oscillation  frequency  of  the  rf  field.  Therefore,  the  dc 
discharge  characteristics  form  a  natural  base  for  a  discussion  of  the  rf  discharge. 

In  this  chapter,  emphasis  will  be  laid  on  how  much  of  the  power  coupled  into  a  dc 
discharge  will  go  into  excitation  of  the  upper  laser  level  in  C02 .  This  is  a  function  of 
the  E/N  ratio  (electric  field  strength/neutral  particle  density)  and  the  gas  mixture. 
The  excitation  efficiency  has  been  calculated  by  Lowke,  Phelps  and  Irwin  (54)  from 
electron  impact  cross-sections  versus  electron  energy  and  from  calculated  electron 
energy  distributions  versus  E/N. 

In  general  the  E/N  required  to  break  down  the  gas  to  a  plasma  is  much  higher  than 
the  E/N  for  which  most  efficient  excitation  occurs  (54,  55).  This  is  one  of  the  main 
reasons  why  separate  preionization  of  the  gas  is  necessary  for  efficient  pumping  of  dc 
short-pulse  —  excited  lasers.  Preionization  of  the  gas  is  important  to  attain  a  homo¬ 
genous  glow  discharge  with  no  arcs  in  the  pump  pulse.  In  general  the  E/N  ratio  in 
glow  discharges  lies  within  a  regime  for  which  efficient  excitation  occurs,  while  the 
E/N  in  arc  discharges  does  not.  The  precise  E/N  ratio  for  which  a  self-sustained  glow 
discharge  operates  is  determined  by  the  electron  production  and  loss  rates.  Various 
production  and  loss  mechanisms  under  conditions  relevant  for  a  high  pressure  C02 
waveguide  laser  will  be  discussed.  The  mechanism  of  glow-to-arc  transitions  in  a 
dc-discharge  will  also  be  discussed. 

The  characteristics  of  alternating  current  (ac)  glow  discharges  vary  with  several  para¬ 
meters  like  gas  pressure,  gas  mixture,  the  frequency  of  the  ac  field,  the  way  in  which 
the  ac  field  is  coupled  into  the  discharge  and  the  discharge  confinement  geometry. 
Little  information  has  been  found  in  the  literature  on  characteristics  of  rf-discharges 
for  the  gas  mixtures  and  pressures  of  interest  for  this  work.  Most  of  the  literature 
covers  conditions  for  gas  breakdown  at  low  pressure  regimes,  typically  a  few  torr.  In 
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Figure  3.1  Tuning  range  of  multiatmosphere  lasers  ( from  (53)) 
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this  work  we  are  concerned  with  the  gas  breakdown  and  the  stability  of  an  rf  glow 
discharge  in  a  C02  laser  gas  mixture  at  up  to  10  atm,  and  the  excitation  efficiency  of 
the  upper  laser  level  of  C02  in  such  a  discharge. 

In  this  chapter  will  be  discussed  parameters  of  importance  for  the  establishment  of  a 
stable  glow  discharge  between  parallel  plate  electrodes  (a  capacitor  discharge).  Tire 
discussion  is  based  on  a  literary  survey  and  observations  made  under  the  experimental 
part  of  this  work.  In  the  first  operation  of  a  COa  laser  the  rf  field  from  a  coil 
surrounding  the  laser  gas  mixture  was  used  to  pump  the  laser  (31).  Because  of  the 
high  field  strengths  required  to  pump  the  laser  at  multiatmospheric  pressures 
(~S— 10  kV/cm  atm)  the  main  emphasis  in  this  work  has  b  'n  laid  on  capacitor  dis¬ 
charges.  High  power  microwave  excitation  will  be  only  briefly  mentioned.  A  model 
which  describes  a  stationary  rf  discharge  between  parallel  plate  electrodes  will  be 
discussed.  It  is  useful  for  a  derivation  of  the  electrical  circuit  equivalent  of  the 
discharge.  This  is  important  for  dimensioning  an  impedance-matching  circuit  which 
must  be  used  for  efficient  coupling  of  the  rf  energy  into  the  discharge.  It  will  be 
pointed  out  that  when  the  impedance  matching  circuit  is  correctly  dimensioned  the 
voltage  amplitude  in  the  first  rf  oscillations  of  the  pulse  will  be  large  enough  to  break 
down  the  gas  to  a  plasma.  After  breakdown  the  voltage  amplitude  will  primarily  be 
determined  by  the  electron  production  and  loss  rates.  Thus,  separate  preionization  is 
not  necessary  in  an  rf-exdted  laser.  The  model  describing  the  stationary  rf  discharge 
is  also  useful  for  a  discussion  of  the  stability  of  such  a  discharge. 

Finally,  the  pumping  efficiency  of  the  upper  laser  level  of  C02  in  an  rf  discharge  will 
be  discussed.  It  is  important  to  estimate  how  much  rf  power  is  required  for  pumping 
a  continuously  tunable  C02  laser.  Such  an  estimate  will  be  made  based  on  the 
discussion  of  the  dc  pumping  efficiency  versus  E/N  derived  by  Lowke  et  al  (54)  and 
measurements  of  small  signal  gain  in  pulsed  dc-exdted  C02  lasers. 

The  chapter  opens  with  a  description  of  the  C02  molecule  and  its  laser  active  vibra¬ 
tional-rotational  transitions. 


3.1  Laser  active  transitions  in  C02 

The  C02  molecule  is  linear  with  one  axis  of  symmetry  and  one  plane  of  symmetry 
perpendicular  to  this  axis.  The  four  normal  modes  of  vibration  of  the  molecule  are 
shown  in  Figure  3.2a.  Two  modes  are  degenerate.  The  three  nondegenerate  normal 
modes  may  be  denoted  by  i>, ,  v2  and  v3 .  The  energy  levels  of  the  vibrational  modes 


Figure  3.2  The  C02  molecule 

a)  The  C02  molecule  in  the  unexcited  state  and  the  three  nondegenerate  normal 
modes  of  vibration. 

b)  The  vibrational  energy  diagram  for  the  first  excited  states  of  the  vibrational  modes 
of  C02.  Also  shown  is  the  first  excited  vibrational  state  of  N2. 
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are  to  a  good  approximation  thoie  of  a  ample  harmonic  oscillator.  An  arbitrary 
vibrational  energy  level  may  H  denoted  by  (nt  n2l  ns)  where  nj  is  the  number  of 
excited  quanta  of  the  i’th  mode.  The  superscript  /  denotes  the  rotation  around  die 
symmetry  axis  for  the  degenerate  v2  mode. 

The  energy  level  diagram  of  ae  first  excited  states  of  these  modes  is  shown  in  Figure 
3.2b.  The  first  excited  state  of  the  asymmetric  stretch  mode  (the  00°  1  state)  is  the 
upper  laser  level.  The  energy  difference  between  the  first  excited  state  of  the  sym¬ 
metric  stretch  mode  (the  10°0  state)  and  the  second  excited  state  of  the  bending 
mode  (the  02° 0  state)  very  small  (~5  cm'1 ).  The  lower  laser  levels  are  linear 
superpositions  of  these  two  vibrational  states.  They  are  often  denoted  (10°0,02°0)| 
and  (10°0,02°0)n.  The  wavelengths  corresponding  to  the  energy  difference  between 
the  upper  and  the  two  lower  laser  levels  are  approximately  1 0.4  pm  and  9.4  pm. 

The  rotational  energy  sublevels  asso¬ 
ciated  with  two  of  the  vibrational 
states  are  shown  in  Figure  3.3.  The 
degeneracy  of  each  level  is  2  J  (J+l). 
where  J  is  the  rotational  quantum 
number.  A  typical  population  of  the 
rotational  manifold  is  included  in 
Figure  3.3,  assuming  a  Boltzmann 
distribution  at  room  temperature 
and  the  above-mentioned  degene¬ 
racy.  Because  of  the  symmetry  of 
the  standard  C02  isotope,  only  odd 
J-values  are  present  in  the  v3  mode 
and  only  even  J-values  are  present  in 
the  Vi  and  v2  modes.  The  property 
that  each  second  rotational  level  is 
missing  is  the  case  for  linear  mole¬ 
cules  with  a  centre  of  symmetry  and 
zero  nuclear  spin  in  atoms  outside 
the  symmetry  centre  (56).  The  situa¬ 
tion  is  different  for  some  of  the 
other  C02  isotopes.  Selection  rules 
for  electric  dipole  transitions  from 
the  upper  to  lower  laser  levels  allow 
only  transitions  where  AJ  =  +1  (the 
R-branch)  and  AJ  *  —1  (the 
P-branch).  Each  transition  may  be 
denoted  by  its  branch  (P  or  R),  the 
rotational  quantum  number  of  the 
lower  level,  and  approximate  wave¬ 
length,  for  example  P(20)  10.6  pm. 
In  the  standard  C02  isotope  the  fre¬ 
quency  difference  between  neigh¬ 
bouring  transitions  varies  from  about 
22  GHz  (0.77  cm'1 )  to  about  67  GHz  (2.24  cm'1 ).  (The  difference  in  interline  spacing 
is  a  consequence  of  a  centrifugal  distortion  term  in  the  rotational  energy  (56).) 

At  room  temperature  the  Doppler  broadened  linewidth  of  each  transition  is  approxi¬ 
mately  50  MHz  (full  width  at  half  maximum  =  FWHM).  The  line  broadening  from 
collisions  between  C02  molecules  (the  self-broadening)  is  approximately  5.75  GHz  per 
atm  (FRHM)(139).  In  a  laser,  N2  and  He  are  usually  added  to  C02.  (This  will  be 
discussed  later.)  The  pressure  broadening  due  to  collision  with  N2  and  He  are  0.73 
and  0.64  times  the  self-broadening,  respectively,  measured  for  the  P(20)  10.6  pm 
transition  (139).  The  content  of  He  is  normally  dominant.  Thus  the  pressure  broaden- 
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Figure  3.3  Rotational  sublevels  for  two  vib¬ 
rational  levels 

Also  diown  are  approximate  population  distribution* 
p( J)  tar  the  rotational  manifold  at  room  temperature, 
and  two  laser  transitions. 
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Figure  3.4  Calculated.  C02  laser  gain  spectrum  at  1  atm  and  10  atm  gas  pressure  ( after 

(22)) 

Peak  gain  it  typically  1—3%  per  centimeter.  The  highett  gain  it  for  the  R(16)— R(20) 
and  P(16)— P(20)  transitions  approximately. 

ing  of  the  transitions  will  be  approximately  4  GHz  (FWHM)  per  atm.  At  approxi¬ 
mately  10  atm  the  line  spectrum  emerges  into  continuous  bands.  Calculated  spectra 
for  the  (10°0,02°0)jtIi  —  (00°  1)  transitions  are  shown  in  Figure  3.4  at  1  atm  and 
10  atm  gas  pressure  for  a  C02 :  N2  :  He  mixing  ratio  of  1  : 1  :  8  (22).  The  highest  gain 
is  for  the  P(16)— P(20)  and  R(16)— R(20)  transitions  approximately. 

The  various  C02  isotopes  have  spectra  shifted  slightly  away  from  each  other.  Figure 
3.1  showed  the  locations  of  the  (10°0,02#0)|ji  —  (00°1)  transition  spectra  for 
C11 0|6  and  C 1 3  O^*.  At  least  18  stable  isotopes ’are  known  to  exist.  By  using  these 
isotopes,  a  broad  frequency  range  from  9  pm  to  13  /am  may  be  completely  covered. 
However,  it  should  be  noted  that  all  but  the  standard  isotopes  are  scarce  and  expen- 
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The  spectral  branches  of  the  C120|sand  CI20I6018  isotopes  closely  overlap  the 
branches  of  the  standard  isotope.  The  individual  lines  fall  between  each  other  at 
random.  This  is  shown  for  the  R-branch  at  10.2  nm  in  Figure  3.5  (after  (57)).  By 
using  a  mixture  of  these  isotopes  the  spectrum  will  emerge  into  continuous  bands  at 
much  lower  pressures  than  when  a  single  isotope  is  used.  Gibson,  Boyer  and  Javan  (?) 
have  achieved  continuous  frequency  tuning  at  2  —  4.5  atm  gas  pressure  using  a  mix¬ 
ture  of  the  above-mentioned  isotopes. 

Finally,  it  should  be  noted  that  the  so-called  hot-band  and  sequence-band  transitions 
may  aid  in  filling  the  gap  between  the  regular  lines.  An  energy  level  diagram  showing 
these  transitions  is  given  in  Figure  3.6.  At  high  gas  pressures  the  contribution  from 
these  transitions  may  be  important  (50).  At  low  pressures  they  do  not  contribute 
significantly  to  the  spectral  gain  profile  unless  the  gas  is  heavily  pumped.  Laser  action 
has  been  obtained  at  low  pressures  on  the  hot-band  and  the  sequence-band  transitions 
(58,  59). 

The  line  centre  frequencies  for  hot-band  and  sequence-band  transition  of  the  standard 
C03  isotope  and  for  the  regular  transitions  in  various  C02  isotopes  is  listed  in 
(57-59). 


3.2  Population  distribution  and  relaxations  in  the  vibrational/rotational  energy  mani¬ 
fold 

3.2.1  The  four-temperature  model 

Energy  exchange  between  rotational  levels  and  between  rotational  levels  and  transla¬ 
tion  occurs  fast.  Energy  exchange  between  vibrational  levels  within  each  vibrational 
mode  is  a  nearly  resonant  process  which  occurs  much  faster  than  the  exchange  be¬ 
tween  different  modes.  Because  of  these  fast  energy  exchange  processes  the  popula¬ 
tion  within  the  vibrational  modes  and  within  the  rotational  levels  can  be  considered 
to  have  a  local  Boltzmann  equilibrium  distribution  with  a  temperature  Tj  for  each 
mode.  In  the  overall  nonequilibrium  situation  when  energy  is  pumped  into  one  or 
more  modes,  these  temperatures  may  be  very  different.  The  rotational  energy  is 
usually  assumed  to  be  in  equilibrium  with  the  translational  energy  at  temperature  T. 
The  v,  and  v2  modes  are  strongly  coupled  through  the  Fermi  resonance  between  the 
(10°0)  and  (02°  0)  levels.  They  are  usually  assumed  to  have  a  common  temperature 
T, .  The  population  within  the  v3  mode  is  characterized  by  the  temperature  T3.  The 
vibrational  temperatures  Tt  and  T3  are  determined  by  the  number  of  excited  vibra¬ 
tional  quanta  per  molecule.  Since  the  rate  of  energy  exchange  within  each  mode  is 
very  fast,  almost  all  the  energy  quanta  stored  in  the  v3  mode  and  in  the  rotational 
manifold  may  be  converted  into  photons  in  the  laser  even  for  very  short  laser  pulses. 

3.2.2  Population  inversion  decay  time-constant 

Assuming  there  is  a  given  population  inversion  between  the  upper  laser  level  (00°  1) 
and  the  lower  laser  levels  (10°0,  02°0)j^],  the  question  arises:  how  long  does  this 
population  inversion  last?  The  decay  of  the  population  in  the  lower  laser  levels  in 
general  is  at  least  an  order  of  magnitude  faster  than  the  decay  out  of  the  (00°  1)  i«.vel 
(65).  The  population  of  the  (00°  1)  level  is  usually  assumed  to  decay  out  via  the 
(11*0)  level,  which  is  rather  close  in  energy  to  the  (00°  1)  level  (65).  The  decay  rates 
due  to  collisions  between  C03  and  various  species  have  been  measured  by  a  number 
of  authors  (126—128).  There  is  a  relatively  large  spread  in  die  derived  decay  time 
constants.  They  seem  to  depend  on  whether  they  have  been  derived  from  fluore¬ 
scence-decay  or  gain  decay  experiments. 


Figure  3.6  Sequence-bands  and  hot-bands 

»)  Extended  CO)  rib  rational  energy  level  diagram  ah  owing  aequence-baad  and  hot* 
band  transitioni 

b)  The  frequency  range*  of  the  fint  aequence-band*  and  hot-band*  (after  (5$,  59)) 
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According  to  (126, 128)  the  decay  out  of  the  (00°  1)  level  of  C02  due  to  collisions 
between  C02  -molecules  and  N2,  He  and  other  C02 -molecules  is  given  by  a  decay 
time-constant  r' 

I  =  P.76O-(41O^COi  +  1150Nj  +  64^He)  (3.1) 

P  —  gas  pressure  in  atm 

i|/x  —  fractional  content  of  specie  x  in  the  gas 

In  a  gas  mixture  containing  5%  C02,  5%  N2  and  90%  He  the  decay  time-constant  r' 
would  be  15.7  /is  at  1  atm. 

In  a  high-pressure  C02 -laser  the  content  of  N2  is  usually  equal  to  the  content  of 
C02.  This  will  be  considered  later.  The  vibrational  energy  levels  of  N2  are  close  to 
the  levels  in  the  v3-mode  of  C02.  This  was  shown  in  Figure  3.2b.  Vibrational  energy 
is  rapidly  shared  between  these  modes.  The  main  decay  of  the  N2  vibrational  energy 
is  via  energy  transfer  to  the  v3  mode  of  C02  and  the  subsequent  decay  out  of  the 
C02  v3 -mode  described  by  eq  (3.1)  (65).  Thus  when  there  is  an  equal  amount  of 
vibrational  energy  stored  in  the  C02  v3  mode  and  in  N2,  the  net  decay  out  of  the 
(00°  1)  level  of  C02  will  be  given  by  a  decay  time-constant  r= 2  r'.  When  die  decay  out 
of  the  lower  laser  level  is  much  faster  than  r,  the  decay  time-constant  of  the  (00°  1) 
level  will  be  the  same  as  the  gain-decay  time-constant. 


3.3  Electrical  dc  discharge  pumping  of  C02 

Pumping  of  the  upper  laser  level  of  C02  may  be  done  either  gas-dynamically  (61), 
chemically  (62,  63),  optically  (23,  24,  64)  or  electrically.  Gas-dynamical  and  chemical 
pumping  have  not  been  demonstrated  at  gas  pressures  relevant  for  continuous  tuning. 
Optical  pumping  of  COa  has  been  demonstrated  up  to  112  atm  (23).  At  die  Nor¬ 
wegian  Defence  Research  Establishment  a  new  optical  pumping  technique  has  recently 
been  demonstrated  up  to  19  atm  (24,  64). 

Electrical  discharge  pumping  of  C02  lasers  is  by  far  the  most  used  pumping  tech¬ 
nique.  It  allows  ample,  compact,  reliable,  efficient  and  high-power  solutions.  It  can 
be  used  for  both  cw  and  pulsed  lasers,  and  from  a  few  torr  to  at  least  20  atm  gas 
pressure  (50).  An  enormous  amount  of  literature  exists  on  the  various  aspects  of 
electrical  discharge  pumping.  It  comprises  electrode  configurations,  glow  discharge 
parameters,  glow-to-arc  transitions,  gas  dissociation,  gas  mixtures,  conditions  for  long 
life  operation,  gain  saturation,  discharge  circuitries,  etc.  In  this  section  only  the  basic 
physics  of  glow  discharge  pumping  of  C02  lasers  will  be  discussed. 

3.3.1  The  role  of  N2  and  He 

The  electrical  discharge  pumping  relies  on  the  fact  that  the  electron  impact  excitation 
of  the  COa  asymmetric  stretching  mode  may  be  very  efficient.  Also  the  electron 
impact  excitation  of  the  N2  vibration  may  be  even  more  efficient.  The  N2  vibrational 
mode  is  metastable  and  the  first  excited  state  is  only  18  cm'1  (*  0.1  kT  at  room 
temperature)  below  the  (00°  1)  state  of  C02.  This  was  shown  in  Figure  3.2.  The 
vibrational  energy  gained  by  the  N2  molecule  is  thus  rapidly  shared  with  the  upper 
laser  level  of  C02 . 

Helium  is  assumed  to  play  several  important  roles  in  the  COa  laser.  Helium  is  effi¬ 
cient  in  depopulating  the  (01 1 0)  vibrational  level  of  C02.  The  self -deactivation  of  this 
level  is  relatively  slow,  and  this  level  may  serve  as  a  bottle-neck  for  depopulation  of 
the  lower  laser  levels  (20).  Helium  plays  an  important  role  for  the  energy  distribution 


of  the  electrons  in  the  discharge,  and  He  has  very  good  thermal  conductivity  (20,  55). 
In  general,  the  higher  the  gas  pressure  the  higher  should  be  the  content  of  He  to 
achieve  a  stable  glow  discharge  without  arcs  ((50)  and  Chapter  6).  According  to  (126) 
the  relaxation  rate  of  the  upper  laser  level  due  to  He— C02  collisions  is  less  than  0.16 
times  the  self-relaxation,  see  eq  (3.1).  The  broadening  of  the  laser  transition  due 
to  He— C02  collisions  is  as  large  as  0.64  times  the  self -broadening  (139).  In  a  long- 
duration  pump  pulse,  like  the  rf  discharge  pump  pulse,  it  is  important  that  the  upper 
laser  level  lifetime  is  as  long  as  possible. 

It  should  be  noted  that  several  other  species  like  CO,  H2,  H20,  Xe  and  (CH3)3N  may 
also  be  added  to  the  laser  gas  mixture  to  improve  performance.  The  roles  of  all  these 
are  not  completely  understood.  CO  aids  in  the  chemical  balanse  through  the  reaction 
CO+  1/20]  -♦CO].  This  is  important  especially  in  sealed-off  lasers  because  CO] 
dissociates  into  CO  and  02  in  the  discharge  (65).  02  is  detrimental  to  the  laser 
performance,  both  in  the  relaxation  of  the  upper  laser  level  and  in  the  formation  of 
arcs.  Vibrationally  excited  CO  can  play  a  similar  role  to  N2  in  pumping  of  the  upper 
laser  level.  It  is  not  as  efficient  as  N2  however,  since  it  is  not  metastable.  Xe  and 
(CH3)3N  have  low  ionization  potentials.  They  are  sometimes  added  to  aid  in  the 
initiation  of  the  discharge  (7,  20).  The  role  of  these  species  will  not  be  discussed 
further.  They  have  not  been  used  in  these  experiments. 


3.3.2  Excitation  processes 

Cross-sections  for  electron  excitations  of  C02  and  N2  versus  electron  energy  are 
shown  in  Figure  3.7  (54,  66).  (The  first  excited  vibrational  state  of  N2  has  an  energy 
of  approximately  0.2  eV.  The  cross-section  indicates  that  the  vibrational  states  of  N2 
are  not  excited  directly,  but  rather  through  the  formation  of  a  compound  negative 
ion  state  (66).)  From  the  cross-sections,  the  excitation  of  N2  and  CO]  can  be  calcu¬ 
lated  when  the  electron  energy  distribution  function  is  known. 

b)  - - - 
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Figure  3. 7  Cross-sections  for  excitations  in  COi  and  N% 

a)  Cross-sections  tor  various  excitations  in  CO]  (after  (54)) 

b)  Cross-sections  for  excitation  of  vibrational  levels  in  N2  (after  (6$)).  Peak  cross-sec¬ 
tion  is  approximately  5-1 0'1*  cm1  (54,  66).  Peak  cross-section  of  die  n_l  state  is 
approximately  2-10‘‘*  cm1  (66) 
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Figure  3.8  Derived  electron  distribution 
functions  in  the  gas  mixture 
C02 :  N2 :  He  =  1:1:8,  for  various 
values  ofE/N  (  Vcm 1 ) 

Broken  curvet  indicate  a  Maxwellian  distribution, 
(from  (54)). 
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Figure  3.9  Percentage  of  power  lost  to  (!) 

elastic  collisions,  rotational  exci¬ 
tation  of  N2  and  excitation  of 
bend  and  stretch  modes  of  C02, 

(II)  COj  00°  1  level  and  the  first 
eight  vibrational  levels  of  N2i 

(III)  electronic  excitation,  and 

(IV)  ionization,  (from  (54)) 


The  motion  of  the  electrons  in  a 
discharge' is  dominated  by  a  high  ran¬ 
dom  velocity  with  a  much  lower  net 
drift  velocity  along  the  electric  field. 
The  complete  energy  or  velocity  dis¬ 
tribution  f(r,v,t)  can  usually  be 
expanded  into  two  parts  (55) 

f(r,v,t)  =  f0  (r,v,t)  +  f ,  (r,v,t)  cos# 

(8.2) 

6  is  the  angle  between  the  velocity 
vector  v  and  the  electric  field  vector 
E.  (r  is  the  space  position  coordinate 
for  which  the  distribution  function  is 
calculated.)  f0  is  the  isotropic  part 
representing  the  distribution  of  the 
high  random  velocity,  fj  is  the  per¬ 
turbation  part  which  is  due  to  the 
interaction  with  the  electric  field  and 
represents  the  lower  net  drift  velo¬ 
city  along  the  field.  The  two  distri¬ 
butions  interact  with  each  other  in 
the  way  that  ft  gains  energy  from 
the  electric  field  and  loses  it  to  f0  via 
collisions.  f0  gains  its  energy  from  ft 
and  loses  it  in  various  excitation  pro¬ 
cesses  (vibrational  excitation,  ioniza¬ 
tion).  Mathematically,  even  the  equa¬ 
tions  of  motion  for  f0  and  fj  may  be 
very  complicated  (55). 

Because  die  inelastic  collisions  play 
an  important  role,  the  electron  distri¬ 
bution  function  f0  may  become 
markedly  non-Maxwellian.  Lowke, 
Phelps  and  Irwin  (54)  have  calcula¬ 
ted  distribution  functions  f0  for  va¬ 
rious  E/N  and  various  C02 :  N2 :  He 
mixing  ratios  from  the  Boltzmann 
equation.  They  used  altogether  31 
different  inelastic  collision  cross-sec¬ 
tions  which  had  been  adjusted  to 
give  consistency  between  measured 
and  calculated  transport  coefficients. 
Figure  3.8  shows  electron  distribu¬ 
tion  functions  for  a  C02:N2:He 
mixing  ratio  of  1  : 1  : 8  for  various 
E/N.  By  using  these  functions  and 
the  cross-sections  in  Figure  3.7,  the 
percentage  of  power  transferred  to 
the  various  excitations  may  be  calcu¬ 
lated  as  a  function  of  E/N.  This  is 
shown  in  Figure  3.9  for  1  : 2  : 3  and 
1  : 0.25  : 3  C02 :  N2 :  He  mixing  ra¬ 
tios  (from  (54)). 
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The  most  important  curves  in  Figure  3.9  are  curves  II,  which  show  the  excitation 
efficiency  of  the  upper  laser  level  and  the  N2  vibrational  levels.  They  show  that 
theoretically  more  than  80%  of  the  power  of  the  electrons  may  go  into  excitation  of 
these  levels  when  the  E/N  ratio  is  *  2*10'14  Vcm2  or  E/P  »  5  kV/cm  atm  (P  is  the 
gas  pressure  at  room  temperature.)  They  also  show  the  effect  of  reducing  the  N2 
content.  It  should  be  noted  that  the  vibrational  energy  stored  in  N2  does  not  contri¬ 
bute  to  the  small  signal  gain.  Thus,  since  theoretically  the  maximum  of  curve  II  is 
only  reduced  from  <*»  80%  to  ^  60%  when  the  content  of  N2  is  reduced  from  33% 
(the  1:2:3  mixture)  to  6%  (the  1  : 0.25  :3  mixture),  the  small  signal  gain  will  be 
much  higher  in  the  1  : 0.25  : 3  mixture.  Experiments  performed  at  multiatmospheric 
pressures  show  that  an  equal  content  of  C02  and  He  is  best  for  maximum  small 
signal  gain  (49). 

It  was  noted  earlier  in  this  section  that  a  high  content  of  He  is  necessary  for  a  stable 
self-sustained  discharge,  especially  at  several  atmospheres.  The  most  pronounced  effect 
of  increasing  the  He  content  on  curve  II  in  Figure  3.9  is  to  decrease  the  E/N  for 
maximum  percentage  power  transfer.  For  a  C02:  N2:  He  mixing  ratio  of  1:1:8 
curve  II  has  a  theoretical  maximum  of  74%  at  E/N  *  1.2-10'16  Vcm2  or  at  E/P  * 
3  kV/cm  atm  (54). 

3.4  The  E/N  ratio  in  a  self-sustained  glow  discharge 

The  E/N  ratio  for  which  a  discharge  with  no  separate  electron  sources  operates  is 
determined  by  the  electron  production  and  loss  terms.  Depending  on  the  pressure,  the 
current  density  and  gas  medium,  the  dominant  loss  mechanism  can  be  diffusion  out 
of  the  plasma  region,  recombination  with  positive  ions,  or  attachment  to  neutral 
molecules  forming  negative  ions.  At  steady  state,  this  can  be  written  as  (55) 

J  =  DV 2  n  +  nvj  —  nva—  fin2  =  0  (3.3) 

n  —  electron  number  density 

D  —  diffusion  coefficient 

Vj  —  one-step  ionization  coefficient 

*a  —  attachment  coefficient 

P  —  electron— ion  recombination  coefficient 

In  the  recombination  term  it  is  assumed  that  electron  and  positive-ion  densities  are 
equal.  This  may  be  a  poor  approximation  if  significant  attachment  occurs  without 
subsequent  rapid  detachment. 

For  current  densities  normal  for  several  high-pressure  C02  lasers  (50—52,  67,  68)  the 
recombination  term  is  negligibly  small  compared  to  the  others.  The  electron  densities 
are  usually  so  high  that  ambipolar  diffusion  dominates  free  diffusion  (55).  (Ambipolar 
diffusion  is  much  slower  than  five  electron  diffusion  because  when  the  charge  den¬ 
sities  are  large,  a  space  charge  field  is  created  between  the  electrons  and  ions  which 
retard  the  electron  diffusion  (55).)  Thus  the  ambipolar  diffusion  coefficient  must  be 
used  in  eq  (3.3).  The  diffusion  loss  decreases  with  increasing  gas  pressure  and  increas¬ 
ing  discharge  diameter.  In  most  dc  excited  high-pressure  lasers  the  discharge  diameter 
is  so  large  that  the  diffusion  loss  may  be  neglected.  The  criterion  for  attachment  loss 
to  dominate  diffusion  loss  has  been  calculated  by  Lowke,  Phelps  and  Irwin  (54)  as 

0.25  (aE)  J/2  «  R 


(3.4) 


a  —  vjv  expressed  in  cm'1 

v  —  electron  drift  velocity  (see  Figure  3.12) 

E  —  electric  field  amplitude  in  V/cm 

R  —  radius  of  the  dischaige  in  cm 

When  attachment  loss  is  dominating,  the  dischaige  will  operate  at  an  E/N  for  which 
the  ionization  and  attachment  coefficients  are  equal.  E/N  will  be  independent  of  the 
current  density,  the  gas  pressure  and  the  discharge  diameter.  Lowke  et  al  (54)  and 
Denes  and  Lowke  (68)  have  calculated  the  ionization,  recombination  and  attachment 
coefficients  versus  E/N  for  various  C02  laser  gas  mixtures,  see  Figure  3.10.  Denes  and 
Lowke  (68)  measured  the  E/N  in  discharges  with  these  mixtures  under  conditions 
where  the  diffusion  and  recombination  loss  terms  can  be  neglected.  This  is  shown  in 
Figure  3.11,  which  shows  excellent  agreement  between  theory  and  experiment. 

It  may  be  seen  from  a  comparison  between  values  of  E/N  for  which  efficient  excita¬ 
tion  of  the  upper  laser  level  occurs  that  a  self-sustained  attachment  loss  dominated 
discharge  operates  at  an  E/N  ratio  which  is  good  for  excitation  of  a  C02  laser.  This  is 
very  fortunate  for  cw  lasers  and  also  for  a  long-pulse-duration  laser  since  then  no 
separate  electron  source  is  necessary.  It  may  be  seen  that  the  E/N  ratio  in  the 
self-sustained  dischaige  is  slightly  above  the  value  for  most  efficient  pumping.  For  a 
C02  :  N2 :  He  mixing  ratio  of  1:1:8  the  ionization  and  attachment  processes  balance  at 


a)  « 


Figure  3.10  Calculated  values  of  the  ionization  and  attachment  coefficients  (after  (54)) 

a)  The  ionization  coefficient  OtfN  for  various  gas  mixtures.  N  is  rite  neutral  particle 
density.  The  relation  between  a  and  Vj  (equation  (S.l))  isCt”  Vj/v.  v  is  the  electron 
drift  velocity  (see  Figure  3.12).  Broken  curve  indicates  values  obtained  assuming  a 
Maxwellian  distribution  of  the  1 :1  £  mixture. 

b)  The  attachment  coefficient  a/N  for  various  gas  mixtures. 
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E/N  *»  2.7-10'14  Vcm2,  while  maxi¬ 
mum  excitation  of  upper  laser  level 
occurs  for  E/N  =  1.2-10‘14  Vcm2 
(54).  At  this  latter  E/N  the  theoreti¬ 
cal  excitation  efficiency  is  still  about 
50%  (54).  Increasing  the  He  content 
results  in  a  decrease  in  the  E/N  ope¬ 
rating  point,  see  Figure  3.11.  How¬ 
ever,  it  was  pointed  out  in  the  pre¬ 
ceding  section  that  increasing  the  He 
content  also  results  in  a  decrease  in 
the  E/N  for  which  maximum  pump¬ 
ing  efficiency  occurs.  These  effects 
approximately  cancel  each  other 
(54). 

In  the  rf  excited  C02  waveguide 
laser  described  in  this  report  the  con¬ 
tent  of  C02  and  N2  has  been  much 
lower  than  in  the  mixtures  shown  in 
Figure  3.10.  A  C02:N2:He  mixing 
ratio  of  2  : 2: 96  has  been  used  most 
of  the  time.  Also  the  discharge 
dimensions  in  the  waveguide  are 
much  smaller  than  in  most  dc-exci- 
ted  discharges.  It  is  therefore  not  obvious  that  the  discharge  will  be  attachment-loss 
dominated.  For  a  1:1:8  mixing  ratio  the  criterion  (eq  (3.4))  says  that  the  waveguide 
discharge  will  be  attachment-loss  dominated  when  the  attachment  coefficients  calcula¬ 
ted  by  (54)  are  used.  However,  it  is  seen  from  Figure  3.10  that  the  attachment 
coefficient  varies  several  orders  of  magnitude  for  only  small  variations  of  E/N.  Accor¬ 
ding  to  (54,  68)  several  processes  may  reduce  the  effective  attachment  coefficient.  If 
the  electron  in  the  negative  ion  resulting  from  attachment  is  rapidly  detached  in 
collisions  with  other  species,  the  attachment  coefficient  may  be  effectively  zero  (54). 
The  dominating  attachment  process  is  usually  assumed  to  be  formation  of  negative 
C02  ions  (68).  Thus  a  pure  He  discharge  may  be  diffusion  or  recombination-loss 
dominated. 

The  E/N  ratio  for  which  a  diffusion-loss  dominated  discharge  operates  is  determined 
by  the  N-R  product  (55).  (N  is  the  neutral  particle  density  and  R  is  the  discharge 
radius.)  Thus  while  in  an  attachment-dominated  discharge  the  E/N  ratio  will  be  inde¬ 
pendent  of  pressure,  discharge  current  density  and  the  discharge  diameter,  the  E/N 
ratio  in  a  diffusion-dominated  discharge  will  decrease  with  increasing  gas  pressure  for 
fixed  discharge  diameter.  E/N  will  increase  with  decreasing  discharge  diameter  for  a 
fixed  gas  pressure.  This  allows  manipulation  of  the  E/N  ratio  towards  an  E/N  ratio 
for  maximum  excitation  of  the  upper  laser  level. 

In  a  recombination-loss  dominated  discharge  the  electron  loss  increases  rapidly  with 
the  current  density.  In  such  a  discharge  the  E/N  ratio  will  increase  with  the  current 
density.  This  was  shown  in  Figure  3.11.  Thus,  such  a  discharge  also  permits  manipula¬ 
tion  with  the  E/N  ratio. 

In  this  report  this  subject  has  not  been  analyzed  quantitatively  any  further.  Calcula¬ 
tion  of  the  various  ionization  and  loss  coefficients  and  the  E/N  ratio  for  maximum 
pumping  efficiency  for  the  gas  mixtures  that  have  been  used  in  these  experiments  is  a 
large  project  in  itself.  Also,  as  has  been  pointed  out,  the  electron  decay  processes  may 
not  easily  be  well  specified  quantitatively. 


Figure  3.11  Measured  and  calculated  V—I 
characteristics  for  three  C02: 
N2 :  He  gas  mixtures 

Experimental  values  at  three  values  of  pressure  are 
indicated  by  data  points.  Curves  represent  results  of 
numerical  calculations  with  varying  conditions  of 
attachment,  (from  (68)). 
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In  the  choice  of  He  content,  discharge  dimensions  and  current  density,  several  other 
considerations  than  those  described  above  raust  also  be  taken.  These  will  be  discussed 
in  the  following  sections. 


3.5  Glow  to  arc  transitions 

Arc  discharges  differ  from  glow  discharges  in  that  arcs  are  characterized  by  much 
higher  electron  densities  and  much  lower  E/N  ratios.  They  are  often  restricted  to 
narrow  strings,  which  have  a  very  high  electric  conductivity  and  can  carry  large 
currents.  It  should  be  apparent  from  the  preceding  discussion  that  arcs  are  not  effec¬ 
tive  in  pumping  of  C02  laser  gas  mixtures. 

Glow  discharges  tend  to  ’’collapse”  into  arc  discharges  when  either  the  current  den¬ 
sity  or  the  gas  pressure  or  both  are  increased.  Glow-to-arc  transitions  are  a  limiting 
factor  in  both  high-power  and  high-pressure  lasers.  Causes  of  arcing  have  been  studied 
both  theoretically  (69)  and  experimentally  (70). 

Nighan  and  Wiegand  (69)  have  studied  theoretically  the  causes  of  arcing  in  self- 
sustained  cw  COj  laser  discharges.  Attachment  and  recombination  controlled  dis¬ 
charges  were  considered.  Their  analysis  should  be  equally  well  applicable  to  a  self- 
sustained  long  duration  pulsed  high  pressure  glow  discharge  since  the  glow-to-arc 
transitions  may  take  place  on  a  time-scale  much  shorter  than  typical  pulse  lengths. 
Here  only  the  essential  processes  leading  to  formation  of  arcs  will  be  discussed 
(primarily  after  (69)). 

In  the  absence  of  pressure  fluctuations,  a  local  increase  in  gas  temperature  leads  to  a 
decrease  in  gas  density.  This  leads  to  an  increase  in  E/N  and  consequently  to  an 
increase  in  both  electron  temperature  and  ionization  rate  (Figure  3.10).  The  increase 
in  ionization  rate  leads  to  a  large  increase  in  electron  density.  A  large  local  increase  in 
electron  density  causes  additional  gas  heating  through  elastic  collisions  and  strongly 
affects  vibrational  excitation  of  the  molecules.  Increased  relaxation  of  vibrational 
energy  also  leads  to  an  increase  in  gas  temperature.  Thus  there  are  two  primary 
positive  feedback  mechanisms  to  the  original  local  increase  in  temperature,  namely 
enhanced  gas  heating  through  vibrational  relaxation  and  through  elastic  collisions. 
Such  a  positive  feedback  may  lead  to  a  rapid  local  increase  in  temperature  and 
current,  and  the  subsequent  formation  of  a  bright  narrow  string  arc  discharge.  The 
high  current  usually  results  in  a  drop  in  the  voltage  across  the  discharge.  This  termi¬ 
nates  the  glow  discharge,  and  all  the  electrical  power  goes  into  the  arc. 

The  formation  of  an  arc  may  be  inhibited  if  the  gas  has  high  enough  thermal  conduc¬ 
tivity  to  carry  away  the  local  concentration  of  heat.  Helium  has  very  good  thermal 
conductivity,  and  this  is  one  of  the  important  effects  of  He  in  a  C02  laser  gas. 

Boundary  effects  and  other  external  parameters  also  play  an  important  role  in  the 
formation  of  stable  arc-free  glow  discharges.  Small  irregularities  at  the  electrodes 
cause  local  variations  in  the  electric  field  which  may  lead  to  local  heating  and  the 
subsequent  formation  of  an  arc.  In  a  gas  discharge  between  parallel  plates  it  is  there¬ 
fore  important  that  the  electrode  surfaces  are  smooth  and  even  and  that  they  to  a 
very  good  accuracy  are  parallel. 


3.6  The  rf  discharge 

The  study  of  alternating  current  (ac)  discharges  is  naturally  divided  into  two  parts: 
the  study  of  the  gas  breakdown  mechanism  and  the  study  of  a  stationary  discharge. 
General  treatment  of  ac  discharges  are  found  in  several  textbooks  on  plasmas  and  gas 
discharges  (71—75).  Ganger  (76)  reported  in  1943  measurements  of  rf  breakdown  at 
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100—150  kHz  in  air,  N2  and  Difluordiclormethan  at  up  to  40  atm.  Some  information 
is  found  on  characteristics  of  rf  discharges  in  air  (77,  78),  in  argon  (79),  and  in  He 
and  hydrogen  (80,  81)  at  up  to  1  atm.  Schmieder  considers  theoretically  gas  break¬ 
down  in  combined  laser  and  microwave  fields  (82).  None  of  the  reports  on  rf-excited 
gas  lasers  above  100  torr  have  been  found  to  cover  in  detail  the  characteristics  of  the 
discharge.  Useful  information  about  a  model  of  a  stationary  rf-discharge  between 
cylindrical  or  parallel  plate  electrodes  is  found  in  (83—85).  In  (85)  is  considered  the 
application  of  rf  discharge  in  a  sputtering  plant,  where  the  operating  pressure  is  in  the 
millitorr  range.  A  similar  division  of  the  discharge  in  dark  and  luminous  zones  to  that 
observed  in  (83—85)  is  observed  in  the  experiments  described  in  this  report 
(Chapter  6). 

Important  quantities  in  an  rf  discharge  are  the  electron/neutral  particle  collision  fre¬ 
quency  vm  and  the  oscillation  frequency  v  of  the  discharge  excitation  field.  In  He, 
I'm  =  1.75-1012  *P  (s*‘ )  where  P  is  the  gas  pressure  in  atm  (55,  86),  while  in  this  work 
an  excitation  field  frequency  v  =  4-Kr  s'*  has  been  used.  Thus  die  electrons  collide 
several  times  during  an  rf  period. 

In  this  section  (3.6)  will  first  be  discussed  general  conditions  for  establishing  a  radio¬ 
frequency  glow  discharge  between  parallel  plate  electrodes.  Then  the  time  variation  of 
the  electron  number  density  and  the  electron  energy  distribution  in  such  a  discharge 
will  be  discussed.  The  electron  number  density  is  a  central  parameter  for  the  stability 
and  the  electrical  impedance  of  the  discharge.  Based  on  the  previously  described  C02 
excitation  process  in  a  dc  discharge,  a  discussion  of  the  electron  energy  distribution  in 
the  rf  discharge  will  give  an  insight  into  the  C02  excitation  process  in  the  rf  dis¬ 
charge.  The  characteristics  of  the  stationary  discharge  are  discussed  based  on  the 
three-zone  model  (83—85).  The  model  forms  a  basis  for  calculation  of  the  electric 
circuit  equivalent  of  the  discharge  and  for  a  discussion  of  the  stability  of  the  dis¬ 
charge.  The  problem  of  coupling  the  rf  power  into  the  discharge  will  be  discussed  in 
general  terms.  It  will  be  considered  more  quantitatively  in  Chapter  5.  Finally,  the 
plasma  frequency  and  the  expressions  for  the  relative  dielectric  constant  of  the  dis¬ 
charge  will  be  discussed. 


3.6.1  rf  discharge  between  parallel  plate  electrodes 


The  general  requirement  for  establishing  a  stable  rf  glow  discharge  between  parallel 
plates  is  that  the  electron  displacement  peak-to-peak  is  smaller  than  the  electrode 
separation  (71—75).  In  such  a  discharge  most  of  the  electrons  are  able  to  oscillate 
freely  without  colliding  with  the  electrodes.  Collisions  with  the  electrodes  in  general 
represent  an  electron  loss  term.  If  the  electron  displacement  were  larger  than  the 
electrode  separation,  the  discharge  would  behave  more  like  a  dc  discharge. 


In  an  oscillating  electric  field  E  =  E0sin  u>t  the  electron  displacement  8  peak-to-peak 
would  be  given  by 


(3.5) 


if  the  electron  mobility  n  were  independent  of  the  electric  field  strength  E.  When  the 
electron-neutral  particle  collision  frequency  vm  is  much  larger  than  the  oscillation 
frequency  oj  of  the  electric  field,  the  mobility  p  will  be  given  by  (55) 


(e  and  m  are  the  electron  charge  and  mass,  respectively).  (Eq  (3.6)  in  general  requires 
that  vm  is  independent  of  the  electron  velocity  v.  In  He  this  is  true  to  a  good 
approximation  (55,86).)  The  collision  frequency  t>m  is  proportional  to  the  neutral 
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particle  density  N  (or  to  the  gas  pressure  P).  This  implies  that  for  a  fixed  frequency 
the  electron  displacement 


£ 


(3.7) 


In  general  the  E/N  ratio  required  to  break  down  the  gas  to  a  plasma  is  larger  than  the 
E/N  required  to  sustain  the  discharge  both  for  dc  and  rf  discharges  (55,  71—75).  For 
rf  discharges  this  is  usually  because  before  gas  breakdown  the  main  electron  loss  is  by 
free  diffusion  which  is  much  larger  than  ambipolar  diffusion  loss  (55,  71—75).  When 
the  electrodes  in  contact  with  the  gas  are  of  metal,  the  electrons  reaching  the  elec¬ 
trodes  are  usually  lost  from  the  gas.  Thus,  for  striking  of  a  discharge  between  metal 
electrodes  it  is  important  that  the  distance  between  metal  electrodes  is  larger  than  the 
electron  displacement  at  the  E/N  required  for  breakdown.  When  the  metal  electrodes 
are  covered  with  a  dielectricum  the  electrons  reaching  the  dielectricum  are  not  neces¬ 
sarily  lost.  Experimentally  in  this  work  it  is  observed  that  both  striking  and  sustaining 
a  stable  glow  discharge  is  much  easier  when  electrodes  covered  with  a  dielectricum  are 
used.  Thus,  in  this  case  the  basic  requirement  for  establishment  of  a  glow  discharge  is 
probably  that  the  electron  displacement  is  shorter  than  the  electrode  separation  for 
the  E/N  required  to  sustain  the  discharge. 


In  a  recombination-loss  dominated  discharge  the  E/N  ratio  after  breakdown  is  inde¬ 
pendent  of  the  gas  pressure.  This  implies  that  also  the  'lectron  displacement  ampli¬ 
tude  will  be  independent  of  the  pressure.  In  a  diffusion-loss  dominated  discharge  E/N 
will  decrease  with  increasing  gas  pressure  for  fixed  discharge  dimension.  In  the  experi¬ 
ments  described  in  this  work,  the  E0/N  ratio  after  gas  breakdown  has  usually  been 
below  310'16  Vcm2  (Chapter  6).  Using  the  value  for  He  (55,  86) 

vm  =  1.75 -10* *•?(»•*  atm'1)  (3.8) 

this  E0/N  gives  fi  =  0.6  mm  at  40  MHz. 


The  simple  relations  of  eq  (3.5)  and  (3.6)  do  not  hold  over  the  large  range  of  E/N 
encountered  in  a  high  pressure  rf  discharge  in  a  C02 ,  N2  and  He  gas  mixture.  In  He 


Figure  3.12  Calculated  drift  velocities  of  elec¬ 
trons  for  various  gas  mixtures  of 
C02,  N2  and  He  (from  (54)) 


at  low  E/N  the  drift  velocity  is  larger 
than  given  by  eqs  (3.6)  and  (3.8). 
Lowke,  Phelps  and  Irwin  (54)  have 
calculated  the  electron  drift  velocity 
versus  E/N  for  several  C02 :  N2 :  He 
mixing  ratios.  The  drift  velocities  are 
shown  in  Figure  3.12.  It  is  seen  that 
the  actual  electron  displacement 
amplitude  must  be  calculated  nume¬ 
rically.  At  E0/N  =  3-10"16  Vcm2  the 
drift  velocity  v  from  Figure  3.12  is 
66.7  •  105  cm/s,  while  v  = 
75-10*  cm/s  results  from  eqs  (3.6) 
and  (3.8)  at  the  same  Eq/N.  These 
two  values  of  the  drift  velocity  are 
very  close.  One  should  therefore  be 
able  to  draw  the  conclusion  that  the 
electron  displacement  will  be  smaller 
than  the  electrode  separation  for 
electrode  separations  larger  than 
about  half  a  millimeter  at  40  MHz 
for  E0/N  *  3-10'16  Vcm1  or  E0/P  - 
7.5  kV/cm  atm. 
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Apart  from  the  above-mentioned  minimum  electrode  separation  and  the  possibility  to 
manipulate  the  E/N  ratio  mentioned  in  the  previous  chapter  for  a  diffusion  loss 
dominated  discharge,  several  other  factors  determine  the  optimum  electrode  separa¬ 
tion.  The  discharge  shall  be  used  to  amplify  an  optical  field,  which  must  be  able  to 
propagate  between  the  electrodes.  As  will  be  pointed  out  in  the  next  chapter,  if  the 
electrode  separation  is  too  small  (typically  less  than  1  mm)  the  light  propagation 
losses  may  be  significant  and  the  design  of  the  reflectors  in  the  optical  resonator  may 
be  more  difficult. 

The  experiments  in  this  work  have  shown  that  the  electrode  separation  should  not  be 
too  large.  At  a  2  mm  electrode  separation  the  discharge  tended  to  be  confined  to  a 
small  volume  at  the  middle  of  the  electrodes,  see  Chapter  6. 

The  optical  gain  is  determined  by  the  pump  power  density.  In  order  to  get  the 
maximum  obtainable  small  signal  gain  with  a  given  pump  power,  the  discharge  cross- 
section  should  be  as  small  as  possible. 

Finally,  the  larger  the  electrode  separation,  the  larger  must  be  the  voltage  across  the 
electrodes  in  order  to  maintain  the  right  E/N.  High  voltages,  of  the  order  of  tens  of 
kilovolts,  may  cause  practical  problems  like  breakdown  in  the  external  circuitry. 

3.6.2  Time  variation  of  the  electron  number  density  and  the  energy  distribution 
function 

Considering  there  is  a  given  electron  number  density  in  the  discharge  when  the  oscilla¬ 
ting  electric  field  strength  is  at  its  maximum  value,  the  question  arises:  what  happens 
to  the  electron  density  n  when  the  electric  field  strength  crosses  the  zero  value?  It 
was  shown  in  Figure  3.10  that  when  the  electric  field  goes  towards  zero  the  ioniza¬ 
tion  and  attachment  coefficients  rapidly  decrease  several  orders  of  magnitude.  The 
ionization  coefficient  decreases  most  rapidly.  The  time  rate  of  change  of  n  will  either 
be  given  by  attachment,  diffusion  or  recombination  loss.  It  is  assumed  that  the  largest 
possible  loss  rate  which  may  be  taken  into  consideration  is  the  attachment  loss  at 
10  atm  at  the  E/N  ratio  for  which  the  attachment  and  ionization  coefficients  are 
equal.  Without  the  ionization  term  the  electron  density  n  will  decay  according  to 
(54,  55)  (eq  (3.3)  (3.4)) 

jk«-n(A)Nv  (3.9) 

a/N  —  the  attachment  coefficient  shown  in  Figure  3.10 
N  —  neutral  particle  number  density 

v  —  electron  drift  velocitv 

The  drift  velocity  versus  E/N  was  shown  in  Figure  3.12  (from  (54)).  For  the  COa : 
N2 :  He  gas  mixing  ratio  of  1:1:8  the  ionization  and  attachment  coefficients  are  equal 
for  E/N  ~  2.7-10*14  Vcm2  (54).  At  this  E/N,  a/N*  2.51020  cm2  and  v  * 
6-106  cm/s.  At  10  atm  gas  pressure  at  room  temperature  this  gives 

df  =  "  #("*’')  (S‘10) 

This  is  an  exponential  decay  with  27  ns  decay  time  constant.  In  the  discharge  the  net 
electron  loss  rate  will  always  be  smaller  than  given  by  this  time  constant.  At  40  MHz 
the  electric  field  strength  goes  from  its  rms  value  to  zero  within  3  ns.  It  is  thus 
evident  (see  the  discussion  in  section  3.4)  that  the  electron  density  will  not  vary 
appreciably  within  the  rf  period.  It  will  settle  to  a  value  where  the  electron  produc¬ 
tion  rate  averaged  over  an  rf  period  balances  the  average  loss. 


The  electron  energy  relaxation  rate  due  to  elastic  collisions  is  given  by  the  electron/ 
neutral-particle  collision  frequency  times  twice  the  ratio  of  the  electron  mass  to  the 
neutral-particle  mass  (55).  When  inelastic  collisions  play  an  important  role  the  relaxa¬ 
tion  rate  can  be  considerably  faster  (65),  since  the  electron  energy  loss  per  inelastic 
collision  is  much  larger  than  per  elastic  collision.  Even  the  electron  energy  relaxation 
rate  due  to  elastic  collisions  is  faster  than  the  frequency  of  the  oscillating  electric 
field  at  multiatmospheric  pressures.  Thus  the  electron  energy  distribution  will  vary 
according  to  the  instantaneous  E/N  during  the  rf  period.  The  averaged  excitation 
efficiency  versus  E0  /N  has  not  been  calculated  in  this  work  since  curves  showing  the 
upper  laser  level  excitation  versus  E/N  for  the  gas  mixture  used  in  these  experiments 
have  not  been  available.  Since  efficient  excitation  occurs  over  a  rather  broad  E/N 
range,  see  Figure  3.9,  it  may  be  expected  that  if  the  rms  value  of  the  E/N  ratio  is 
close  to  the  value  for  which  most  efficient  excitation  occurs,  the  pumping  efficiency 
of  the  rf  discharge  is  reasonably  good.  This  will  be  discussed  further  in  section 
3.7. 

The  question  may  also  be  asked:  How  fast  do  the  electron  and  ion  number  densities 
decay  after  the  discharge  excitation  power  is  turned  off.  The  attachment  and  recom¬ 
bination  coefficients  vary  with  the  electric  field  strength,  gas  pressure  and  gas  mixture 
(54,55,  119,  120).  According  to  Figure  3.10  the  attachment  coefficient  may  be 
neglected  when  the  discharge  excitation  field  is  turned  off.  According  to  (54,  119) 
the  recombination  coefficient  also  varies  with  the  electron  number  density.  No  values 
relevant  for  the  conditions  of  interest  for  this  work  have  been  found.  The  election 
loss  by  diffusion  is  expressed  by  the  diffusion  coefficient,  its  value  depends  on 
whether  the  diffusion  is  free  or  ambipolar,  and  on  the  electron  and  ion  temperatures. 
The  free  diffusion  coefficient  De  is  given  by  (55) 


De 

.  kle 

"“"in 

(3.11) 

if  the  electron  energy  distribution  is  Maxwellian. 

k 

—  Boltzmann  constant 

Te 

—  electron  temperature 

m 

—  electron  mass 

—  electron/neutral  particle  collision  frequency 

Since  the  electron  and  ion  temperatures  adjust  on  a  time  scale  determined  by  the 
collision  frequency  between  these  species  and  neutral  particles,  it  seems  reasonable  to 
assume  that  the  electron  and  ion  temperatures  will  be  equal  to  the  gas  kinetic  tempe¬ 
rature  after  the  excitation  field  has  been  turned  off.  According  to  (55)  the  diffusion 
will  be  ambipolar  for  electron  and  ion  densities  down  to  several  orders  of  magnitude 
lower  than  the  densities  during  the  discharge.  The  ambipolar  diffusion  coefficient  also 
depends  on  what  is  the  dominating  ion.  In  (54)  the  ambipolar  diffusion  coefficient  is 
taken  to  be  1/50  of  the  free  diffusion  coefficient  when  the  electron  and  ion  tempera¬ 
tures  are  equal.  Assuming  these  temperatures  to  be  equal  to  the  gas  kinetic  tempera¬ 
ture,  the  electron  decay  time  constant  due  to  free  diffusion  will  be  about  100  (ts  at 
1  atm,  proportional  to  the  gas  pressure,  and  the  ambipolar  diffusion  decay  time 
constant  will  be  50  times  longer.  Thus,  if  the  electron  loss  due  to  attachment  and 
recombination  can  be  neglected  compared  to  diffusion  after  the  discharge  excitation 
has  been  turned  off,  one  should  be  able  to  draw  the  conclusion  that  some  ionization 
will  remain  in  the  gas  volume  from  one  discharge  pulse  to  the  next  for  the  pulse 
repetition  rates  used  in  the  experiments  described  in  this  report.  Experimentally  it  has 
been  observed  in  this  work  that  the  pulses  are  influenced  by  the  preceding  pulses. 
However,  this  subject  has  not  been  further  analyzed  quantitatively  from  a  theoretical 
point  of  view  in  this  report. 
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3.6.3  The  three-zone  model 

A  discharge  between  parallel  plate  electrodes  normally  appears  with  a  bright  luminous 
zone  in  the  middle  and  dark  space  regions  near  the  electrodes.  This  is  illustrated  in 

Figure  3.13.  This  is  the  case  both 
when  pure  metal  electrodes  and 
electrodes  covered  with  a  dielectri- 
cum  are  used.  The  divisions  in 
dark  and  bright  zones  are  conside¬ 
red  in  (83—85)  for  gas  pressures 
several  orders  of  magnitude  lower 
than  in  the  experiments  described 
in  this  work.  In  this  work  the 
same  phenomenon  is  observed. 
Thus  the  mechanism  leading  to 
this  formation  of  zones  seems  to 
be  independent  of  pressure.  The 
phenomenon  can  be  explained  by 
the  following. 

The  voltage-current  characteristic 
of  a  plasma  is  very  nonlinear,  due 
to  the  different  masses  of  the  elec¬ 
trons  and  the  ions.  If  the  electron 
and  positive  ion  densities  are  equal  near  the  electrode  surface,  the  electron  current 
towards  the  electrode  when  the  electrode  is  positive  will  be  much  larger  than  the 
positive  ion  current  towards  the  same  electrode  when  it  is  negative.  This  is  due  to  the 
much  smaller  mass  of  the  electrons,  and  is  part  of  the  Langmuir-probe  characteristics 
(71—73).  At  steady  state  no  net  cunrent  averaged  over  one  rf  period  will  flow  to  the 
electrodes.  Thus  the  surface  of  the  electrodes  will  assume  a  negative  charge  with 
respect  to  the  plasma  to  repel  the  electrons.  The  magnitude  of  the  electrode  surface 
charge  will  adjust  so  that  the  ion  current  during  the  negative  swing  of  the  oscillating 
voltage  just  equals  the  electron  current  during  the  positive  swing.  In  the  plasma  near 
the  electrode  there  will  be  a  net  positive  space  charge  due  to  the  negative  surface 
charge.  This  positive  space  charge  will  look  dark,  because  very  few  electrons  make 
collisions  there. 

Electrically  the  discharge  will  look  like  what  is  illustrated  schematically  in  Figure 
3.13.  Close  to  the  electrodes  are  the  dark  space  regions  and  in  the  middle  is  the 
plasma  with  high  electron  number  density.  The  cunrent  density  j  flowing  between  the 
electrodes  in  general  consists  of  a  conduction  current  and  a  displacement  current.  The 
conduction  current  in  the  dark  space  regions  can  be  disregarded  in  comparison  with 
the  displacement  current.  Thus  electrically  these  regions  will  act  as  a  capacitor.  In  the 
plasma  region  there  is  a  high  electron  density  n.  The  current  density  j2  in  this  region 
will  be 

jj  *  [—  •— - +  iwe)  E„  exp(iwt;  (3.12) 

m  ioj+vm 

Here 

i  -  vcr 

e  —  electron  charge 

m  —  electron  mass 

n  —  electron  number  density 

oj  —  angular  frequency  of  the  applied  electric  field  E 
•'m  -  electron/neutral-particle  collision  frequency 

permittivity  of  the  plasma  region,  see  section  3.6.6 
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Figure  3.13  The  three-zone-model 

Cross-section  of  the  discharge  and  electrical  equivalent 

circuit. 
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Since  vm»  10  the  plasma  will  behave  like  a  pure  resistor  in  parallel  with  a  capacitor. 
The  electrical  impedance  Z  of  the  whole  discharge  will  be 


2rI_  i  +  ( 

lWCi  A 


-+i««j)  -f 
m,,m  A 


(3.13) 


—  permittivity  of  dark-space  and  plasma  region  respectively 
s  —  thickness  of  the  dark-space  region 

£  —  thickness  of  the  plasma 

A  —  electrode  area 


3.6.4  Impedance  matching 

For  rf  power  to  be  coupled  into  a  load,  the  impedance  of  the  load  must  be  equal  to 
the  characteristic  impedance  of  the  power  source.  If  it  is  not,  part  of  the  power 
incident  on  the  load  will  be  reflected.  Therefore,  in  general,  an  impedance  matching 
circuit  is  needed  between  the  load  and  the  power  source  to  transform  the  impedance 
of  the  load  to  the  characteristic  impedance  of  the  source.  Equivalently,  the  impe¬ 
dance  matching  circuit  transforms  the  voltage  and  current  from  the  source  to  values 
suitable  for  the  load  impedance.  The  situation  is  illustrated  qualitatively  in  Figure 
3.14b. 

When  the  load  is  a  gas,  the  load  resistance  will  be  infinitely  large  before  the  gas  is 
broken  down  to  a  plasma.  After  breakdown  the  resistance  will  vary  with  the  electron 
number  density  (eq  (3.13))  which  is  an  increasing  function  of  the  input  power.  It  will 
also  depend  on  the  gas  pressure  and  gas  mixture. 

Figure  3.14  illustrates  qualitatively 
what  happens  when  the  impedance 
matching  circuit  is  adjusted  to  match 
the  impedance  of  a  discharge  to  the 
source  impedance.  The  circuit  must 
be  adjusted  for  the  specific  gas  pres¬ 
sure,  gas  mixture  and  for  the  power 
level  incident  on  the  electrodes.  Be¬ 
fore  the  gas  is  broken  down  to  a 
plasma  there  will  be  an  infinitely 
large  impedance  at  the  point  where 
the  load  should  be.  This  is  illustrated 
in  Figure  3.14a.  Thus  at  this  point 
the  incident  power  will  be  totally 
reflected.  As  illustrated  in  Figure 
3.14a  the  reflected  voltage  will  have 
the  same  phase  as  the  incident  vol¬ 
tage  at  the  place  where  the  load 
should  be.  Thus  the  total  voltage 
may  be  up  to  twice  as  large  across 
the  discharge  gap  before  gas  breakdown  as  it  will  be  after  gas  breakdown.  Experi¬ 
ments  (Chapter  6)  have  shown  that  the  voltage  required  to  break  down  the  gas  to  a 
plasma  in  general  is  less  than  twice  the  plasma  sustaining  voltage.  Thus,  when  the 
impedance  matching  network  is  adjusted  to  couple  a  certain  amount  of  input  rf 
power  into  the  discharge,  the  necessary  overvoltage  required  for  gas  breakdown  is 
automatically  provided.  Consequently,  a  separate  preionization  source  is  not  neces¬ 
sary. 
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Figure  3.14  Schematic  of  the  impedance 
matching  problem 

a)  Before  gas  breakdown  ,b)  After  gas  breakdown 
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Since  the  discharge  impedance  varies  with  input  power,  gas  mixture  and  gas  pressure, 
the  impedance  matching  circuit  should  be  tunable.  The  realization  of  such  a  circuit  is 
discussed  in  Chapter  5. 

3.6.5  Discharge  stability 

The  electron  number  density  in  the  plasma  will  increase  with  increasing  input  power. 
Thus  the  resistivity  of  the  plasma,  which  is  inversely  proportional  to  the  electron 
number  density,  will  decrease  with  increasing  input  power,  see  equation  (3.13).  In 
general,  such  a  negative  differential  impedance  character  leads  to  discharge  instabili¬ 
ties.  This  is  because  lower  resistance  gives  larger  current  and  larger  power  dissipation, 
which  in  turn  give  an  even  lower  resistance,  if  the  voltage  is  kept  approximately 
constant.  Since  the  load  resistivity  varies  with  the  input  power,  the  voltage  and 
current  must  in  general  be  stabilized  by  external  circuitry.  The  positive  feedback  to  a 
local  increase  in  electron  number  density  also  leads  to  formation  of  arcs  as  discussed 
in  section  3.5.  In  rf  discharges  it  is  observed  that  discharge  instabilities  do  not  so 
easily  develop  as  in  dc  discharges.  This  may  be  explained  by  the  following. 

For  all  the  incident  power  to  be  coupled  into  a  load,  the  impedance  of  the  load  must 
be  equal  to  the  internal  impedance  of  the  power  source,  this  was  discussed  in  the 
preceding  section.  Under  impedance  mismatch  conditions,  part  of  the  rf  power  inci¬ 
dent  on  the  load  will  be  reflected  back  to  the  power  source.  Thus,  a  change  in  the 
load  impedance  away  from  a  perfect  match  condition  will  result  in  less  power 
coupled  into  the  load.  Also  power  reflected  back  into  the  rf  power  source  usually  will 
reduce  the  power  delivered  by  the  source.  To  inhibit  possible  damage  to  the  source 
caused  by  the  reflected  power,  a  circulator  may  be  used  between  the  source  and  the 
load  to  couple  the  power  reflected  from  the  discharge  into  a  dummy  load.  In  this 
case  the  source  will  operate  with  a  constant  output  power  independent  of  the  load. 
In  all  cases,  when  a  certain  discharge  impedance  is  matched  to  the  internal  impedance 
of  the  source,  the  power  coupled  into  the  discharge  will  be  reduced  when  the  dis¬ 
charge  impedance  changes.  The  reduction  depends  on  the  impedance-matching  circuit 

and  on  the  source  and  the  way  in 
which  it  is  connected  to  the  dis¬ 
charge. 

The  situation  is  illustrated  qualitati¬ 
vely  in  Figure  3.15.  The  electron 
number  density  is  an  increasing  func¬ 
tion  of  the  power  coupled  into  the 
discharge,  and  the  power  input 
coupling  varies  with  variation  in  the 
electron  number  density,  as  dis¬ 
cussed  above.  A  stability  analysis 
shows  that  the  stable  point  of  opera¬ 
tion  is  point  B:  If  the  electron  num¬ 
ber  density  accidentally  increases 
from  point  B,  the  power  coupled 
into  the  discharge  will  be  reduced. 
This  will  in  turn  reduce  the  electron 
number  density.  In  the  same  way,  a 
small  decrease  in  the  electron  num¬ 
ber  density  will  result  in  increased 
power  input  coupling,  which  will 
produce  more  electrons.  The  same 
analysis  applied  at  apoint  A  will 
show  that  a  small  perturbation  in  the 


Figure  3.15  Operating  point  of  rf  discharge 
The  electron  number  density  is  an  increasing  function 
of  the  input  power.  The  input  power  coupling  varies 
with  variation  in  the  electron  number  density  qualita¬ 
tively  as  shown.  Stable  point  of  operation  is  point  B. 
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electron  number  density  will  drive  the  electron  density  away  from  the  value  at  that 
point. 

It  should  be  noted  that  when  the  electron  number  density  becomes  sufficiently  large, 
the  impedance  of  the  plasma  region  can  become  much  smaller  than  the  impedance  of 
the  dark  space  regions,  see  Figure  3.13.  Thus,  for  such  high  electron  number  densities 
the  overall  discharge  impedance  will  be  reactive  and  approximately  constant,  indepen¬ 
dent  of  variation  in  the  input  power.  It  will  be  so  even  when  pure  metal  electrodes 
are  used  because  of  the  dark  space  regions.  This  is  probably  why  rf  discharges  have 
been  said  to  have  a  ’’positive  impedance  character”  (1).  According  to  the  above 
discussion  this  so-called  ’’positive  impedance  character”  is  not  necessary  for  obtaining 
a  stable  point  of  operation  of  the  rf  discharge.  Experimentally  it  is  observed  that  a 
stable  point  of  operation  is  obtained  also  for  low  input  power  levels  where  the 
resistivity  of  the  plasma  region  is  much  larger  than  the  impedance  of  the  capacities  in 
series  with  the  plasma.  Under  these  circumstances  the  overall  discharge  impedance  can 
be  approximately  inversely  proportional  to  the  input  power. 


The  variation  in  power  coupled  into  the  discharge  is  often  not  a  very  sharp  function 
of  the  electron  number  density.  Experiments  have  shown  that  if  the  glow  discharge 
collapses  into  an  arc,  very  little  power  is  needed  to  sustain  the  arc  discharge.  It  was 
pointed  out  in  the  introduction  that  the  subsequent  reversals  of  the  voltage  polarity 
in  the  rf  discharge  aid  in  reducing  the  tendency  to  arc  formation.  In  addition,  this 
tendency  is  reduced  by  the  capacitive  ballasting  of  the  discharge.  Because  of  the 
induced  capacities  at  the  dark  space  regions  the  plasma  will  be  capacitively  ballasted 
even  when  pure  metal  electrodes  are  used.  Because  of  this  capacitive  ballasting  an 
increase  in  current  density  in  the  plasma  region  will  result  in  an  increased  voltage 
across  the  capacitor,  and  when  the  capacitive  ballasting  is  large  enough,  the  power 
dissipated  in  the  plasma  will  be  reduced.  This  will  reduce  the  tendency  to  arc  forma¬ 
tion.  Mathematically  this  may  be  expressed  by  the  average  power  P  dissipated  in  the 
plasma,  which  is  given  by 


P 


1  RVo 
7  RJ  +  (2X)1 


(3.H) 


R  —  resistivity  of  the  plasma 

V0  —  voltage  amplitude  across  the  electrodes,  see  Figure  3.13 

X  —  capacitive  impedance,  X  =  l/o»c,  where  cj  is  the  angular  frequency  of  the 

oscillating  voltage  and  c  is  the  capacity  between  the  electrode  and  the 
plasma 


In  equation  (3.14)  it  is  assumed  that  R«Xg,  where  Xr  is  the  impedance  of  the 
capacity  in  parallel  with  R.  The  requirement  for  stability  for  constant  voltage  is 

&  >  0  (3.15) 

which  is  satisfied  for  2X>R.  It  should  be  noted  that  arc-discharges  appear  like 
narrow  strings  with  high  current  d entities.  Thus,  the  simple  discharge  model  and 
stability  analysis  described  above  is  not  strictly  correct  because  edge-effects  have  been 
neglected.  Such  effects  will  probably  be  dominant  when  arc  discharges  are  concerned. 
Qualitatively  the  analysis  is  assumed  to  be  relevant  in  the  description  of  the  stabi¬ 
lizing  effect  of  capacitors  in  series  with  the  plasma  region.  Experimentally  it  has  been 
observed  in  this  work  that  the  larger  the  capacitive  ballasting  of  the  electrodes,  the 
less  is  the  tendency  for  arcs  to  develop  in  the  discharge. 


Experiments  have  shown  that  when  pure  metal  electrodes  are  used  and  when  the 
input  power  or  the  gas  pressure  or  both  are  increased,  even  the  rf  glow  discharge  will 
eventually  collapse  into  an  arc.  The  dark  space  region  ’’capacitor”  has  then  been 
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broken  down  by  the  high  field  strength,  and  the  arcs  constitute  narrow  strings  exten¬ 
ding  the  full  gap  between  the  electrodes.  Because  of  this  it  has  been  necessary  in  the 
experiments  described  in  this  report  to  use  dielectric  ribbons  on  the  metal  electrodes. 
These  ribbons  stabilize  the  discharge  in  the  same  way  as  the  dark  space  region  capaci¬ 
ties.  Several  dielectric  materials  have  sufficiently  high  breakdown-field  strength  to 
avoid  dielectric  breakdown  under  the  conditions  relevant  for  this  work.  The  capacitive 
ballasting  of  the  discharge  can  be  varied  by  choosing  dielectric  materials  with  various 
thicknesses  and  various  dielectric  constants. 

It  should  be  noted  that  the  maximum  discharge  current  density,  and  consequently  the 
maximum  power  density  that  can  be  coupled  into  the  discharge,  is  limited  by  the 
dielectric  strength  of  the  dielectric  material  which  is  used  on  the  electrodes.  This  has 
been  considered  by  Ishchenko  et  al  (121)  and  by  Christensen  (122)  and  Christensen 
et  al  (4).  In  (122)*  dielectric  properties  of  several  dielectrics  of  interest  are  tabulated. 
The  limitation  in  the  maximum  power  dissipation  due  to  the  dielectric  is  first  of  all 
of  importance  when  excitation  with  a  single  pulse  through  a  dielectric  is  concerned. 
In  the  experiments  described  in  this  report  this  limitation  has  not  been  a  problem. 


3.6.6  The  skin  depth 


Skin-depth  effects  can  limit  the  maximum  power  that  can  be  coupled  into  the  dis¬ 
charge  volume.  In  a  conductor  the  current  will  propagate  in  a  surface  layer  with  a 
depth  5  defining  the  distance  from  the  surface  at  which  the  current  density  has 
diminished  to  1/e  of  its  value  at  the  surface.  The  skin  depth  6  is  given  by  (123) 
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-<-* 


.1/2 


a  ix  co' 


(3.16) 


a  —  conductivity  of  the  conductor 

H  —  permeability  of  the  conductor 

cj  —  angular  frequency  of  the  current 


When  the  conductor  is  a  plasma,  the  conductivity  a  will  be  given  by  (55)  (eq  (3.12)) 


a  = 


nc' 


m(«'m+jw) 


(3.17) 


In  the  gjow  discharges  the  electron  densities  are  usually  below  1014  cm'3  (55). 
Assuming  p  =  n0  -  permeability  of  vacuum,  =  1014  cm'3,  J/m  =  1.75-1012 

sec'*  atm'1  (55,86)  the  skin  depth  will  be  5  *20  cm  at  40  MHz  and  10  atm  gas 
pressure.  Thus,  the  skin-depth  limitation  has  not  been  a  problem  at  frequencies  as  low 
as  have  been  used  in  this  work.  It  may  be  of  concern  when  1  MW  magnetrons  at 
10  GHz  axe  used  to  excite  the  discharge  (45,  124). 

3.6.7  Plasma  frequency 

The  plasma  frequency  is  an  important  quantity  in  a  gas  discharge. 


See  also  Table  5.1 
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The  plasma  frequency  tJp  is  defined  as  (55) 

w2  -  SfiL  (3.18) 

P  me0 

e0  is  the  pennittivity  of  vacuum. 

In  a  discharge  where  collisions  between  electrons  and  neutral  particles  can  be  neglec¬ 
ted,  the  plasma  frequency  is  the  frequency  above  which  an  electromagnetic  wave  can 
propagate  freely  through  the  plasma.  The  relative  dielectric  constant  er  will  be 

e.  =  l-^  (3.19) 

*  <jJT 

where  it)  is  the  angular  frequency  of  the  electromagnetic  wave.  The  index  of  refrac¬ 
tion  n  of  the  medium  is 


(3.20) 


When  collisions  between  electrons  and  neutral  particles  must  be  taken  into  considera¬ 
tion,  the  relative  dielectric  constant  is  modified  to  (55) 

eT  =  1  &  1-iJL-  (3.21) 


it) 


l-j— 

u 


U>€0 


When  o)  is  the  angular  frequency  of  the  discharge  excitation  field,  u)  «  vm  is  usually 
the  case,  and  er  is  to  a  good  approximation  given  by 


e  = 

'n?  '"'m 


(3.22) 


The  last  term  in  eq  (3.22)  is  much  larger  than  the  second  term  at  40  MHz.  At  10 
atm  gas  pressure  the  last  term  becomes  unity  for  n  *  1.4-1012  cm'3 . 


When  it)  is  the  angular  frequency  of  the  C02  radiation  field,  u  may  become  compar¬ 
able  to  the  electron/neutral-particle  collision  frequency  at  high  gas  pressures.  At 
10  atm  gas  pressure  vm/it)  »  0.1.  Thus,  at  very  high  pressures  and  for  very  high 
electron  number  densities,  the  plasma  may  attenuate  the  laser  radiation  field.  In  this 
work  this  has  not  been  considered  to  be  a  problem. 

In  die  experiments  described  in  this  report,  the  following  relations  in  general  hold 
wrf  <  wp  <  "m  <  WC02  (3.23) 

radiofrequency  discharge  excitation  frequency 
plasma  frequency 

electron/neutral-particle  collision  frequency 
frequency  of  laser  radiation  field 


where 
"  rf  ~ 
WP 

"m  - 
wco2~ 


3.7  rf  power  requirements 

The  population  inversion  in  a  laser  active  medium  is  deteimined  by  the  energy  that 
goes  into  excitation  of  the  upper  laser  level.  The  time  for  which  pump  power  can  be 
usefully  integrated  to  give  a  population  inversion  is  determined  by  the  upper  laser 
level  lifetime.  This  lifetime  is  inversely  proportional  to  the  gas  pressure.  In  a  COa 


37 


laser  at  10  atm  it  is  approximately  3  jts,  see  section  3.2.2  and  Chapter  6.  When  the 
laser  transition  is  pressure  broadened,  the  peak  small  signal  gain  at  line  centre  for  a 
fixed  population  inversion  is  also  inversely  proportional  to  the  gas  pressure.  Thus  the 
required  pump  power  for  a  fixed  small  signal  gain  at  line  centre  is  proportional  to  the 
gas  pressure  squared. 

For  a  fixed  pump  rate  X  of  the  upper  laser  level  and  a  fixed  upper  laser  level 
decay-rate  y  -  t'1  ,  the  population  inversion  AN  will  vary  as 

AN  =  Xt(1  —  e_t/r)  (3.24) 

The  pumping  is  assumed  to  be  turned  on  at  time  t=0  and  the  population  of  the  lower 

This  curve  is  shown  in  Figure  3.16.  It 
may  be  seen  that  the  pump  duration  t 
should  be  approximately  t  =  2—3  r  to 
get  the  maximum  obtainable  popula¬ 
tion  X/7  or  Xr  of  the  upper  laser  level. 

In  C02  at  pressures  above  approxima¬ 
tely  5  atm  the  gain  curves  from  neigh¬ 
bouring  transitions  begin  to  overlap  sig¬ 
nificantly  enough  to  contribute  to  the 
gain  at  a  line  centre  frequency.  Thus 
the  small  signal  gain  at  a  line  centre  will 
not  decrease  so  fast  with  increasing  gas 
pressure  above  this  pressure  for  a  fixed 
pump  power.  The  contribution  from 
sequence-bands  and  hot-bands  (see  sec¬ 
tion  3.1)  may  also  contribute  to  the 
gain  at  above  5  atm  gas  pressure.  Thus 
the  required  pump  power  for  a  fixed 
gain  will  not  increase  with  the  pressure 
as  fast  as  the  pressure  squared  depen¬ 
dence. 


Figure  3.17  Theoretical  and  experimental  peak  small 
signal  gam  for  the  R(16)  10.4  fim  transi¬ 
tion  versus  gas  pressure  (from  (50) ) 

The  COj:  Nj :  He  gas  mixing  ratio  is  1:1:18,  and  the  pump 
energy  density  is  32  J/l  atm.  The  bottom  dashed  curve  repre¬ 
sents  a  model  prediction  for  the  gain  including  regular  phis  hot 
band  lines.  The  solid  curve  includes  the  additional  contribu¬ 
tion  from  sequence  bands.  The  top  da  died  curve  is  die  final 
gain  prediction  corrected  for  non-Lorentzian  line  overlap 
effects.  The  final  theoretical  gain  prediction  was  normalized  to 
the  4  atm  experimental  gain.  Experimental  points  are  shown 
by  dots. 


laser  level  is  assumed  to  be  negligible. 


Figure  3.16  Population  inversion  AN  ver¬ 
sus  time  for  an  upper  laser 
level  pump  rate  X  and  decay 
time  constant  r,  according  to 
equation  (3.24) 

Pumping  is  assumed  to  be  turned  on  at  t=0.  The 
population  of  the  lower  laser  level  is  assumed  to  be 
negligible.  The  time  is  expressed  in  units  of  T. 
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The  peak  small  signal  gain  versus  gas  pressure  has  been  calculated  and  measured  at 
,:t;  centre  frequencies  by  Taylor  etal  (50)  for  fixed  pump  energies  per  liter-atm.  One 
of  their  curves  is  shown  in  Figure  3.17.  The  effect  of  line  overlap  and  hot-bands  and 
sequence-band  transitions  is  clearly  seen  for  pressures  above  3—4  atm. 

ui  Figure  3.17  the  calculated  gain  was  fitted  to  the  experimentally  measured  gain  at 
4  atm  in  a  UV-preionized  pulsed  dc-discharge.  As  was  pointed  out  in  section  3.4,  a 
self-sustained  glow  discharge  operates  at  a  higher  E/N  ratio  than  is  theoretically  found 
to  be  optimum  for  most  efficient  pumping  of  the  upper  laser  level.  This  is  the  case 
for  the  discharge  in  the  work  of  Taylor  etal,  where  the  E/N  in  the  1:1:8  and  1:1:18 
mixtures  of  C02 :  N2 :  He  were  3.1  and  2.5>10‘16  Vcm2  respectively.  Theoretically  the 
E/N  for  most  efficient  pumping  is  1.2-10'16  Vcm2  for  the  1: 1:  8  mixture  (54).  Wood 
etal  (118)  have  measured  the  gain  in  a  transversely  excited  waveguide  laser  where 
they  could  control  the  E/N  ratio  with  a  special  preionization  scheme.  Their  results  are 

comparable  to  measurements  of  gain 
in  an  electron-beam  controlled  dis¬ 
charge.  This  is  shown  in  Figure  3.18. 
It  is  seen  that  the  gain  per  pump 
energy  density  is  larger  than  in  the 
discharge  of  Taylor  et  al. 

It  is  not  obvious  what  the  gain  will 
be  in  an  rf  discharge.  As  was  pointed 
out  in  section  3.6.2  the  excitation  of 
the  upper  laser  level  will  vary  with 
the  variation  in  E/N  within  the  rf 
period.  E/N  will  probably  pass 
through  the  value  for  most  efficient 
upper  laser  level  excitation  within 
the  rf  period,  but  it  will  also  pass 
through  values  where  most  energy  is 
lost  to  other  processes.  In  the  dc 
discharges  a  significant  portion  of 
the  power  put  into  the  discharge  will 
go  into  the  cathode  fall  region 
(97,  118).  This  will  not  be  the  case 
in  the  rf  discharge,  where  there  is  no 
cathode  fall  region.  Some  of  the  in¬ 
put  rf  power  will  obviously  be  lost  in 
the  dark  space  regions,  but  this  is 
considered  to  be  a  negligibly  small 
loss.  Most  of  the  input  power  will  be 
dissipated  in  the  plasma  region,  which  is  not  filling  the  full  gap  between  the  elec¬ 
trodes  because  of  the  dark  space  regions.  Finally,  it  is  not  obvious  what  sort  of  gas 
pressure  dependence  of  the  gain  one  can  calculate  with.  The  line  overlap  effect 
depends  primarily  on  the  gas  pressure  alone,  while  the  contribution  from  sequence- 
bands  and  hot-bands  depends  on  the  excitation  of  die  higher  vibrational  levels  in  the 
Vj -mode,  see  sections  3.1  —  3.2.  The  population  of  these  levels  depends  on  the 
vibrational  temperature  T3  of  the  v3-mode,  which  is  determined  by  the  input  energy 
density  per  molecule.  In  this  work  the  input  energy  density  has  typically  been  around 
7—9  J/l  atm  at  10  atm,  which  is  a  very  low  value  compared  to  the  input  energy 
densities  used  by  Taylor  etal  (50)  and  Wood  etal  (118).  On  the  other  hand,  the 
content  of  C02  and  N2  has  also  been  lower,  typically  2%  each.  In  Figure  3.17  the 
input  energy  density  was  32  J/l  atm  and  the  content  of  C02  and  N2  was  5%  each. 

In  this  work  an  estimate  of  the  gain  per  pump  energy  density  has  been  made  using 
the  gain  per  pump  energy  density  measured  by  Wood  et  al  (50)  in  the  waveguide  laser 
(Figure  3.18)  and  using  the  pressure  dependence  calculated  by  Taylor  et  al  taking  into 


Figure  3.18  Peak  gam  coefficient  (%/cm)  vs 
input  energy  (J/l  atm)  for  a  C02 
waveguide  TE  amplifier  at  150 
torr  (solid  points)  and  for  C02 
electron-beam-controlled  dis¬ 
charge  amplifier  at  760  torr 
( open  points)  (after  (118)). 
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Figure  3.19  Estimated  pump  power 
required  to  achieve 
0.5%/cm  peak  small  sig¬ 
nal  gain  in  a  1.2  mm  x 
2  mm  x  135  mm  dis¬ 
charge  volume,  versus 
pressure 

The  curves  are  derived  from  the  data  in 
Figures  3.17  and  3.18.  Curves  for  three  dif¬ 
ferent  values  of  normalized  pulse  durations 
are  shown,  t  is  the  pulse  duration  and  T  is 
the  gain  decay  time-constant.  T  *  30/P  p»  is 
used,  where  P  is  the  gas  pressure  in  atm. 


account  the  contribution  from  sequence-bands  and  hot-bands.  This  pressure  depen¬ 
dence  is  the  solid  curve  in  Figure  3.17.  According  to  this  estimate  the  pump  energy 
density  required  to  give  0.5%/cm  peak  small  signal  gain  is  approximately  12.5  J/l  atm 
at  1  atm  and  7  J/l  atm  at  10  atm.  In  Figure  3.19  is  shown  the  calculated  rf  power 
required  to  give  a  peak  small  signal  gain  of  0.5%/cm  in  a  discharge  volume  of 
1.2  mm  x  2  mm  x  135  mm.  This  will  give  a  resonator  round  trip  peak  small  signal 
gain  slightly  above  10%,  which  may  be  considered  to  be  the  minimum  required  for 
continuous  frequency  tuning.  The  required  rf  power  depends  on  how  long  duration 
the  rf  discharge  pulse  can  have  before  considerable  amounts  of  arcs  begin  to  develop. 
Experimentally  it  is  found  that  pulse  durations  longer  than  twice  the  gain  decay  time 
constants  are  achievable.  In  Figure  3.19  the  rf  power  requirements  are  shown  for 
various  normalized  pulse  durations.  The  gain  decay  time  constant  is  taken  to  be 
30  ps- atm. 

In  Chapters  6.2  and  6.3  the  estimate  of  the  small  signal  gain  described  above  will  be 
compared  to  measurements  of  the  small  signal  gain  and  of  the  rf  power  required  to 
reach  threshold  for  laser  oscillation. 

The  required  pressure  for  sufficient  gain  between  the  line  centres  for  continuous  laser 
frequency  tuning  with  a  single  COa  isotope  is  approximately  10  atm  (8).  When  a 
mixture  of  C02  isotopes  is  used,  continuous  tuning  has  been  demonstrated  at  below 
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5  atm  (7).  When  such  a  mixture  is  used,  the  pump  energy  may  to  a  first  order 
approximation  be  assumed  to  be  spread  over  the  whole  frequency  range  at  5  atm  in 
the  same  proportion  as  it  is  at  10  atm  with  the  single  isotope.  Thus  the  small  signal 
gain  per  Joule/liter  should  be  approximately  the  same.  However,  at  5  atm  the  gain 
decay  time-constant  is  twice  as  long  as  at  10  atm.  Consequently,  the  maximum 
optainable  Joule/liter  for  a  fixed  pump  power  should  be  twice  as  large  at  5  ati». 
compared  to  that  at  10  atm.  Thus  the  peak  small  signal  gain  would  be  approximately 
twice  as  large  at  5  atm  with  a  suitable  isotope  mixture  compared  to  at  10  atm  with  a 
single  isotope,  for  the  same  pump  power.  This  shows  that  the  use  of  an  isotope 
mixture  may  be  specially  attractive  for  continuous  frequency  tuning  of  an  rf-exr^ed 
C02  laser. 


I 
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4  THE  TUNABLE  RESONATOR 

The  design  of  the  optical  resonator  must  satisfy  the  constraints  determined  by  the 
discharge  geometry  which  must  be  used  to  give  a  stable  discharge  and  as  high  optical 
gain  as  possible.  This  geometry  is  shown  in  Figure  4.1.  It  is  found  experimentally  in 
this  work  that  a  separation  between  the  dielectric  ribbons  of  less  than  1.5  mm  is  best 
for  a  stable  discharge.  The  discharge  cross-section  should  be  as  small  as  possible  in 
order  to  obtain  as  high  gain  as  possible  with  a  fixed  pump  energy. 

With  a  separation  less  than  ~  2  mm  between  the  dielectric  ribbons,  the  ribbons  will 
act  as  a  parallel  plate  waveguide.  The  optical  modes  of  circular  and  rectangular  hollow 
waveguides  are  well  known  from  the  literature  (87—90).  In  the  rectangular  waveguide 
the  modes  are  considered  to  be  described  as  superpositions  of  modes  calculated  for 
each  transverse  direction  independently.  In  the  parallel  plate  waveguide  there  are  no 
walls  defining  a  waveguide  mode  diameter  in  the  open  direction.  It  is  reasonable  to 
assume  that  the  resonator  can  be  described  as  a  free  space  resonator  in  this  direction. 
The  mode  profile  in  this  direction  will  then  be  determined  by  the  reflectors.  The 
optical  mode  in  the  resonator  is  thus  considered  to  be  described  as  a  superposition  of 
a  one-dimensional  waveguide  mode  in  the  x-plane  and  a  free  space  mode  in  the 
y-plane,  see  Figure  4.1.  In  the  x-plane  the  resonator  reflectors  must  be  designed  to 
couple  the  radiation  emitted  from  the  waveguide  back  into  the  waveguide  mode.  In 
the  y-plane  the  reflectors  must  be  designed  to  support  a  stable  free-space  mode  with  a 
mode  diameter  less  or  approximately  equal  to  the  discharge  width.  This  is  necessary 
for  the  free  space  mode  to  be  homogeneously  amplified  and  to  oscillate  with  low 
loss. 

When  a  light-amplifying  medium  with  a  certain  transverse  profile  of  the  complex 
index  of  refraction  is  placed  in  the  resonator,  it  will  obviously  have  some  influence 
on  the  resonator  modes.  In  solid  state  lasers,  like  Nd:YAG,  the  laser  rod  is  considered 
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Figure  4.1  The  discharge  geometry 

Dimensions  are  in  millimeters.  The  cron-section  of  the  discharge  region  is  typically 
a  -  2  mm,  d  ■  1  —  1.5  mm 


to  act  as  a  distributed  lens  with  a  focal  length  depending  on  the  pumping  (91).  This 
is  probably  also  relevant  for  gzz  lasers,  because  both  the  electron  density  and  the 
temperature  profile  in  the  discharge  will  cause  transverse  variations  in  the  index  of 
refraction.  Shock  waves  generated  by  the  pulsed  gas  discharge  may  have  a  detrimental 
effect  on  the  laser  performance  (92,49).  In  this  work  these  effects  have  not  been 
considered  quantitatively.  The  mput  energy  density  has  been  so  low  that  shock  waves 
have  not  been  considered  to  be  a  big  problem.  In  the  experiments,  observations  have 
been  made  which  may  be  attributed  to  discharge  lensing  effects. 

The  necessary  frequency  r?„olution  and  stability  of  the  tunable  resonator  is  deter¬ 
mined  by  several  requirements.  In  the  C02  laser,  even  at  1 0  atm  gas  pressure,  the  gain 
is  considerably  stronger  at  line  centres  than  in  between.  This  was  shown  in  Figure  3.4. 
The  basic  requirement  is  thus  that  the  frequency  resolution  must  be  large  enough  to 
inhibit  the  laser  from  oscillating  only  close  to  the  line  centres.  In  a  short  pulse  laser 
the  laser  may  oscillate  on  several  longitudinal  resonator  modes  even  when  the  gain  is 
homogeneously  broadened.  Several  applications  of  tunable  lasers  require  oscillation  on 
only  one  longitudinal  mode.  This  is  often  hard  to  obtain. 

Absorption  and  scattering  from  the  elements  in  the  resonator  and  mode  mismatch 
and  poor  coupling  into  the  waveguide  may  cause  large  frequency-independent  resona¬ 
tor  losses.  These  losses  limit  the  frequency  tuning  range  of  the  laser  and  the 
relative  variation  in  the  net  gain  between  line  centres  may  become  rather  large.  High 
frequency  resolution  and  low  frequency  independent  losses  are  often  in  contradiction 
to  each  other. 

In  this  work  the  peak  small  signal  gain  has  been  relatively  low  (~5%  single  pass  at 
10  atm)  due  to  the  limited  available  rf-power.  It  has  thus  been  important  to  use  a 
resonator  with  low  frequency-independent  losses.  This  is  in  general  more  difficult  to 
obtain  with  the  parallel  plate  waveguide  than  with  a  pure  waveguide  or  free  space 
resonator,  since  the  boundary  conditions  are  different  in  the  two  transverse  directions 
in  the  parallel  plate  waveguide  resonator.  The  best  solutions  are  in  general  found  with 
nonspherical  optical  components,  like  mirrors  and  lenses  with  different  radii  of  curva¬ 
ture  in  the  x-  and  y-direction.  However,  spherical  optics  are  much  more  easily  avail¬ 
able  and  may  be  found  with  various  radii  of  curvature  and  reflectivities  among  the 
standard  inventory  in  our  laboratory.  Good  solutions  with  spherical  optics  are  there¬ 
fore  considered  to  be  of  great  interest. 

The  design  of  the  tunable  resonator  should  also  take  into  consideration  the  specific 
application  of  the  laser.  For  example,  in  spectroscopy  it  may  be  desirable  to  be  able 
to  easily  tune  the  laser  over  a  broad  frequency  range.  In  heterodyne  detection  and 
isotope  separation  the  laser  will  normally  be  operated  at  one  or  more  fixed  frequen¬ 
cies. 

Within  the  frame  of  the  work  described  in  this  report  it  has  not  been  time  to  go  into 
a  detailed  quantitative  analysis  of  the  required  frequency  resolution  and  stability  of 
the  laser  resonator  and  of  all  possible  configurations  for  low  frequency  independent 
losses.  In  this  chapter  will  be  analyzed  a  few  solutions  employing  dispersive  elements 
that  are  well-known  from  other  tunable  lasers.  Designs  for  single  longitudinal  mode 
operation  will  not  be  discussed  quantitatively.  It  is  probably  easier  to  obtain  good 
frequency  resolution  with  the  parallel  plate  waveguide  resonator  than  with  a  square  or 
circular  bore  waveguide.  This  will  be  pointed  out  later.  Since  the  rf-pump  pulse  has  a 
relatively  long  duration  compared  to  other  pulsed  tunable  lasers  (dye  lasers,  direct 
current  TE  C02  lasers)  it  is  probably  easier  to  achieve  single  longitudinal  mode 
operation  with  the  rf  laser.  First  in  this  chapter,  the  basic  characteristics  of  free  space 
resonators  and  waveguide  resonators  will  be  briefly  reviewed.  The  three  different 
reflector  positions  suitable  for  low  loss  coupling  to  a  waveguide  will  be  pointed  out. 
Then  various  resonator  designs  will  be  evaluated.  Distributed  feedback  resonators  (93) 
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and  ring  resonators  will  not  be  discussed,  even  though  ring  resonators  are  extensively 
used  in  dye  lasers  (11)  and  have  also  been  used  in  C02  lasers  (94). 


4.1  Waveguide-  and  free  space  resonators 

4.1.1  The  free  space  resonator 

The  field  configurations  for  standing  waves  between  two  mirrors  were  first  deter¬ 
mined  by  Fox  and  Lee  in  1961  (95).  Here  will  be  reviewed  only  the  basic  characteris¬ 
tics  of  the  fundamental  Gaussian,  or  T£M0o  mode  between  two  spherical  mirrors. 
Such  a  mode  is  shown  in  Figure  4.2.  The  standing  wave  field  configuration  is  deter- 


Figure  4.2  Schematic  of  Gaussian  beam 


mined  by  the  claim  that  the  radius  of  curvature  R  of  the  wavefront  at  each  mirror 
must  be  equal  to  the  mirror  radius  of  curvature.  The  beam  radius  or  is  the  distance 
from  the  optical  axis  where  the  field  amplitude  is  1/e  of  the  amplitude  on  the  axis. 
The  beam  waist  2u0  is  the  smallest  beam  diameter.  The  confocal  parameter  b  is  the 
length  measured  from  the  beamwaist  where  the  beam  is  said  to  be  collimated,  that  is 
within  which  the  beam  diameter  2tJ  is  less  than  y/7  times  the  beamwaist  2cu0.  The 
parameters  R(z),  u0(z)  and  b  are  linked  together  by  the  equations 

R(z)  =  z(l  +  (^)2)  (4.1) 

2  1/2 

«<z)  -  «0(1  +  (|)  )  (4.2) 

b  =  ly*  (4.3) 

z  is  the  distance  along  the  optical  axis  from  cu0  • 

The  beam  diameter  2u  should  be  approximately  equal  to  or  less  than  the  width  of 
the  light  amplifying  medium  in  order  for  the  mode  to  be  homogeneously  amplified. 
The  gain  length  in  the  rf  laser  described  in  this  work  is  13.5  cm.  The  mode  between 
two  mirrors  separated  by  15  cm,  one  mirror  with  1  m  radius  of  curvature  and  the 
other  a  plane  mirror,  will  have  a  beamwaist  2<o0  =  2.14  mm  at  the  plane  mirror.  At 
the  curved  mirror  the  beam  diameter  2c o  will  be  2.32  mm.  As  will  be  shown  in  the 
next  section,  these  mirrors  may  also  be  suitable  for  low  loss  coupling  to  the  wave¬ 
guide  mode.  A  discharge  width  of  2  mm  is  used  most  of  the  time  in  the  experiments 
described  in  this  report. 
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4.1.2  Hollow  waveguide  resonators 

The  modes  of  hollow  optical  waveguides  are  often  called  "leaky”  modes,  because 


some  of  the  radiation  will  inevitably  "leak  out’ 


Figure  4.3  Rectangular  waveguide  cross-sec¬ 
tion,  showing  the  polarization  of 
the  electric  and  magnetic  field 
vectors  for  which  the  attenuation 
a  (equation  (4.4))  is  derived 


in  the  guiding  material.  This  is  not 
the  case  in  dielectric  waveguides  like 
optical  fibers,  where  the  core  mate¬ 
rial  has  a  higher  dielectric  constant 
than  the  surrounding  medium. 
Thereby  the  light  is  totally  reflected 
when  impinging  at  a  grazing  angle  on 
the  guide  wail.  Marcatily  and 
Sdimeltzer  (87)  were  the  first  to 
point  out  that  the  losses  in  hollow 
"leaky”  waveguides  may  be  very 
small  when  the  guide  diameter  is 
much  larger  than  the  optical  wave¬ 
length.  Such  waveguides  may  thus  be 
used  in  gas  lasers  both  to  confine  the 
discharge  and  to  guide  the  optical 
mode  (96, 97). 


vectors  for  which  the  attenuation  The  modes  of  hollow  circular  wave- 
a  (equation  (4.4))  is  derived  guides  (87)  and  hollow  square  and 

rectangular  waveguides  (88—90)  are 
now  well  covered  in  the  literature.  In 
the  laser  resonator  the  reflectors  are 
usually  mounted  outside  the  waveguide.  The  problem  associated  with  low  loss  coup¬ 
ling  of  the  radiated  waveguide  mode  back  into  itself  has  been  treated  by  a  number  of 
authors  (98—102). 

The  modes  of  rectangular  optical  waveguides  closely  approximate  the  linearly  pola¬ 
rized  TEM  modes  of  conventional  microwave  waveguides.  The  modes  are  described  as 
superpositions  of  modes  derived  for  each  transverse  direction  independently  (88—90). 
The  mode  amplitude  is  vanishing  small  at  the  boundary.  The  attenuation  constant  a 
of  an  EyH&n  mode  in  a  waveguide  as  defined  in  Figure  4.S  is  given  by 

a  =  n*Xa  Re  1  +  m*\*  n  _  v 2  (4  4) 

16d3  K V  — 1)**  16a3  (^-l)1" 


v  =>/  —  —  the  complex  refractive  index  of  the  wall  material 

a  and  d  —  dimensions  of  the  waveguide  cross-section,  see  Figure  4.3 

X  —  wavelength 

n,m  —  mode  order  numbers 

It  can  be  seen  that  die  attenuation  is  lowest  for  the  mode  with  electric  field  vector 
polarization  parallel  to  the  longest  side  wall  of  the  guide. 

For  alumina  the  following  value  of  the  refractive  index  has  been  used  at  10  Mm 
(103, 104) 


1.15 -i  1.42  10*J 


This  gives  a  *  1-10*4  cm*1  in  a  parallel  plate  waveguide  for  d  *  1  mm  and  a»  d. 
The  round  trip  waveguide  low  in  a  1 5  cm  long  laser  will  be  0.3%,  which  it  negligibly 
small  compared  to  the  coupling  losses,  see  the  following  sections. 
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Additional  waveguide  losses  may  be  caused  by  surface  irregularities  and  waveguide 
bends.  In  circular  bore  waveguides  the  losses  caused  by  even  very  small  bends  may 
become  very  large  (87).  In  parallel  plate  waveguides  bending  losses  are  not  so  large 
(105).  Flexible  parallel  plate  waveguides  may  be  suitable  for  long  distance  optical 
transmission  lines  at  10  too  (105). 

The  wavefront  of  the  waveguide  modes  is  plane  to  the  first  order  approximation. 
From  the  exit  of  the  waveguide  these  modes  radiate  into  free  space.  The  field  distri¬ 
bution  outside  the  waveguide  may  be  determined  by  a  scalar  diffraction  calculation 
using  the  Huyghens— Fresnel  principle  (98—102)  with  die  waveguide  mode  as  the 
radiation  source.  The  wavefront  of  this  radiated  mode  is  not  necessarily  circular  or 
spherical.  However,  there  are  in  general  three  positions  where  spherical  or  circular 
symmetric  reflectors  may  be  used  to  couple  the  radiation  from  the  lowest  order 
waveguide  mode  back  into  the  original  waveguide  mode  with  low  coupling  loss. 


Figure  4.4  Schematic  of  the  three  configurations  for  low-loss  coupling  of  the  lowest 
order  circular  or  rectangular  waveguide  mode  back  into  the  waveguide 
( after  (98-102)) 

b  is  the  confocai  parameter  of  the  Gaussian  mode  that  most  closely  resembles  the 
fundamental  waveguide  mode. 


The  three  cases  are  shown  in  Figure  4.4.  Case  I  is  a  plane  mirror  placed  at  the 
waveguide  end.  Abrams  (99)  and  Degnan  and  Hall  (100)  have  calculated  for  a  circular 
waveguide  that  a  displacement  of  the  plane  minor  a  distance  z  from  the  waveguide 
introduces  a  coupling  loss  for  the  EHjj  mode  given  by 

loss  =  5Hz/b)3/1  (%)  for  (z/b)  <  0.4  (4.6) 

b  *  ircdoA  is  the  confocai  parameter  of  the  free  space  Gaussian  mode  (section  4.1.1) 
that  most  closely  resembles  the  waveguide  mode.  Abrams  (99)  has  calculated  that 
o>0=  0.64  a  for  a  circular  bore  waveguide  with  bore  radius  a.  Hendersson  (102)  deter¬ 
mined  <j> o*  0.70  a  for  a  square  hollow  waveguide  of  half-width  a. 

Case  II  corresponds  to  a  mirror  with  radius  of  curvature  2b  located  at  a  distance  b 
from  the  waveguide  end.  The  point  z=b  corresponds  to  the  point  where  the  radius  of 
curvature  of  the  corresponding  Gaussian  mode  is  smallest.  This  is  shown  in  Figure 
4.5.  Case  II  is  a  low  loss  configuration  only  for  the  lowest  order  mode. 

Case  III  corresponds  to  a  mirror  with  radius  of  curvature  R  equal  to  the  distance  z  to 
the  waveguide,  when  z  »  b. 


46 


Figure  4.5  Radius  of  curvature  versus  dis¬ 
tance  Z  from  beam-waist  for  a 
Gaussian  beam  with  beam-waist 
2ui0  =  0.7d 

d  is  the  inner  diameter  of  the  waveguide. 


Figure  4.6  Coupling-losses  for  the  EHjt 
mode  in  a  circular-bore  wave¬ 
guide,  versus  normalized  distance 
Z/b  between  the  waveguide  and 
the  mirror 

Each  curve  is  labelled  with  a  normalized  mirror  curva¬ 
ture.  The  dadied  line  is  the  coupling  loss  for  a  mirror 
with  radius  of  curvature  equal  to  the  radius  of  curva¬ 
ture  of  the  Gausdan  mode  which  moat  closely  re¬ 
sembles  the  EHjj  mode  (after  Abrams  (99)) . 


The  coupling  losses  for  spherical 
mirrors  with  radius  of  curvature 
matching  the  Gaussian  beam  which 
most  closely  resembles  the  wave¬ 
guide  mode  h.  '  been  calculated  by 
Abrams  (99)  for  a  circular  bore 
waveguide.  The  result  is  shown  in 
Figure  4.6. 

It  may  be  seen  from  Figure  4.5  that 
a  mirror  with  1  m  radius  of  curvature 
matches  the  approximate  Gaussian 
wavefront  from  a  1.2  mm  diameter 
square  bore  waveguide  (b  =  5.5  cm) 
at  a  distance  z  »  3  mm.  This  situa¬ 
tion  (z/b  0.05)  gives  a  coupling 
loss  of  less  than  1%,  see  Figure  4.6. 
From  the  preceding  discussion  it 
seems  reasonable  to  expect  that  the 
coupling  loss  for  the  same  mirror  at 
approximately  the  same  distance 
from  a  parallel  plate  waveguide  with 
1.2  mm  plate  separation  will  be 
approximately  half  of  that  given  by 
equation  (4.6).  (This  is  because  in 
the  treatment  of  the  rectangular 
waveguide  modes,  the  mode  propa¬ 
gation  losses  are  calculated  for  each 
transverse  direction  separately  and 
added  to  give  the  total  loss,  equation 
(4.4).  It  thus  seems  reasonable  to 
apply  the  some  procedure  when  cal¬ 
culating  the  coupling  loss.)  It  was 
shown  in  the  preceding  section  that  a 
1  m  radius  of  curvature  mirror  and  a 
flat  mirror  separated  by  15  cm  may 
be  suitable  for  low  losses  in  the  free 
space  direction.  A  resonator  with 
two  such  reflectors  close  to  the 
waveguide  will  thus  probably  have 
low  overall  losses.  A  resonator  with 
parameters  dose  to  those  described 
above  has  been  used  extensively  in 
this  work.  However,  such  a  resonator 
is  of  course  not  suitable  for  conti¬ 
nuous  frequency  timing. 


4.2  Evaluation  of  various  tunable  resonators 

The  frequency  timing  problem  is  illustrated  qualitatively  in  Figure  4.7.  The  reso¬ 
nance-frequencies  v 1  of  the  laser  cavity  is  given  by 


q 


c 

2nL 


(4.7) 


speed  of  light  in  vacuum 
n  —  index  of  refraction  of  the  medium  between  the  resonator  reflectors 
L  —  distance  between  the  reflectors 
q  —  number  of  wavelengths  in  a  round  trip  in  the  cavity 


Figure  4.7  Frequency  tuning  of  a  COj  -laser,  schematically 

Typical  snail  signal  gain-curve  between  two  line-centre  frequencies  are  shown.  The 
separation  between  the  resonance  frequencies  of  the  laser  resonator  corresponds  to  a 
15  cm  long  cavity.  The  resonator  must  contain  dispersive  elements  which  make  the 
resonator  losses  vary  approximately  as  shown. 


For  L  =  1 5  cm  the  frequency  separation  between  neighbouring  resonance-frequencies 
is  1  GHz.  Because  the  resonator  operates  on  very  high  orders  of  resonance,  the 
Q-value  of  the  resonator  is  very  high,  typically  of  the  order  106.  The  width  of  each 
cavity  resonance- frequency  is  typically  10  MHz.  The  separation  between  various  C02 
line  centre  frequencies  is  typically  40—60  GHz.  In  Figure  4.7  is  illustrated  qualitati¬ 
vely  the  shape  of  the  small  signal  gain  curve  between  two  line  centre  frequencies. 

The  laser  will  oscillate  on  one  or  more  of  the  cavity  resonance-frequencies  that 
exhibit  the  highest  net  small  signal  gain.  For  the  laser  to  oscillate  on  a  cavity  reso¬ 
nance-frequency  between  two  line-centre  frequencies  the  resonator  must  contain  one 
or  more  dispersive  elements  which  make  the  resonator  losses  vary  typically  as  shown 
in  Figure  4.7. 

It  should  be  noted  that  in  a  pulsed  laser  the  index  of  refraction  n  of  the  laser  active 
medium  can  vary  within  the  laser  pulse.  This  is  because  the  temperature  of  the 
medium  will  increase  during  the  discharge,  and  because  when  the  laser  starts  to 
oscillate  the  gain  will  saturate.  Thus  the  cavity  resonance-frequency  can  vary  during 
the  pulse  according  to  eq  (4.7)  and  this  can  cause  a  laser-frequency  chirp.  This  fre¬ 
quency  chirp  will  usually  determine  a  lower  limit  of  the  spectral  bandwidth  of  the 


laser  pulse.  In  the  work  descrit>ed  in  this  report  the  input  energy  has  been  relatively 
small  so  the  increase  in  gas  temperature  has  been  relatively  low,  compared  to  other 
pulsed  dc-exdted  lasers.  Also  the  build-up  time  for  the  gain  has  been  relatively  long 
so  that  the  variation  in  die  index  of  refraction  of  the  medium  due  to  saturation  of 
the  gain  should  also  be  relatively  small.  Thus  the  frequency  chirp  during  the  laser 
pulse  is  •  ..imated  to  be  relatively  small  compared  to  in  short-pulse  excited,  high 
energy  lasers.  This  object  has  not  been  analyzed  quantitatively  any  further  from  a 
theoretical  point  of  view. 

The  dispersive  elements  most  commonly  used  in  tunable  laser  resonators  are  reflection 
gratings,  prisms  and  etalons.  In  combination  with  these  elements  may  be  used  beam 
expanders  to  enhance  the  resolution  of  the  grating,  and  extra  partial  or  totally 
reflecting  mirrors.  The  mirrors  may  be  used  to  form  interferometers  to  select  a  single 
resonator  mode,  or  may  be  used  in  combination  with  a  dispersive  element  to  enhance 
the  maximum  reflection.  In  this  section  various  tunable  resonators  incorporating  one 
or  more  of  the  above-mentioned  elements  and  the  parallel  waveguide  geometry  shown 
in  Figure  4.1  will  be  evaluated. 

Only  solutions  where  the  optical  components  are  mounted  close  to  the  waveguide, 
inside  the  pressure  chamber,  will  be  discussed.  From  a  practical  point  of  view  it  may 
be  desirable  that  the  discharge  chamber  is  a  separate  unit  with  either  antireflection- 
coated  or  Brewster-angle  oriented  windows.  Such  a  solution  may  also  be  best  for  the 
laser  performance  because  variations  in  the  index  of  refraction  of  the  gas  caused  by 
shock  waves  generated  by  the  discharge  may  be  detrimental  to  the  resonator  mode 
quality.  The  part  of  the  resonator  which  is  occupied  by  the  high  pressure  gas  should 
thus  be  as  small  as  possible.  Also,  the  shock  waves  can  make  the  optical  components 
vibrate.  In  these  experiments  these  problems  are  considered  to  be  of  minor  impor¬ 
tance  because  the  energy  dissipated  in  the  discharge  is  relatively  low  compared  to 
other  dc-excited  pulsed  CO]  lasers.  The  solution  with  optics  mounted  inside  the 
pressure  chamber  has  been  chosen  because  there  will  inevitably  be  some  losses  both  in 
AR-coated  and  Brewster-angle  windows.  Also,  with  such  windows,  the  resonator  with 
optics  mounted  close  to  the  waveguide  will  be  more  difficult  to  realize.  Optics 
mounted  close  to  the  waveguide,  which  correspond  to  case  I  for  low  coupling  loss, 
give  the  simplest  and  most  compact  resonator  construction. 

A  good  survey  over  various  tunable  resonators  can  be  found  in  (11). 

4.2.1  The  grating  resonator 

A  reflection  grating  may  be  used  as  a  dispersive  end  reflector  in  a  laser  resonator. 
Such  a  grating  will  be  blazed  for  a  certain  wavelength  for  first  order  Littrow  configu¬ 
ration,  that  is,  the  grooves  of  the  grating  will  be  shaped  so  that  almost  all  of  the 
impinging  radiation  is  diffracted  in  the  first  order  at  a  diffraction  angle  close  to  the 
angle  of  incidence  (106, 107).  Higher  diffraction  orders  in  general  will  have  a  diffrac¬ 
tion  angle  larger  than  90°,  which  means  that  they  do  not  exist. 

Such  gratings  are  commercially  available  and  the  best  gratings  c an  diffract  up  to  95% 
of  the  incident  radiation  in  the  first  order.  Highest  efficiency  is  usually  obtained  for 
polarization  normal  to  the  grooves  (106, 107).  Very  little  (~1%)  may  be  lost  through 
absorption  and  scattering  and  the  rest  is  diffracted  in  0'  order. 

In  Figure  4.8  a  reflection  grating  is  placed  as  dose  as  possible  to  the  waveguide,  to 
give  as  low  waveguide  coupling  loss  as  possible.  According  to  eq  (4.6)  and  the  discus¬ 
sion  in  section  4.1.2,  if  the  distance  between  the  grating  and  a  1.2  mm  wide  wave¬ 
guide  is  5  mm,  the  coupling  loss  should  be  approximately  0.8%.  The  distance  may  be 
reduced  if  the  ends  of  the  dielectric  ribbons  are  cut  parallel  to  the  grating  surface, 
but  0.8%  is  a  negligibly  small  loss  term. 


ptmecroR 


Figure  4.8  Various  tunable  waveguide-resonators 

The  groovei  mutt  be  oriented  normal  to  the  waveguide  surface  so  that  the  angular 
dispersion  is  in  the  free  space  direction.  If  the  angular  dispersion  were  in  the  other 
direction,  the  frequency  resolution  of  the  resonator  would  be  much  lower.  This  is 
because  radiation  reflected  from  the  grating  a  small  angle  from  rite  optical  axis  may 
easily  couple  into  higher  order  waveguide  modes.  The  angular  separation  between 
diffracted  beams  for  two  neighbouring  COa  —  line-centre  frequencies  is  typically  0.1°. 
Since  the  gain  curve  versus  frequency  is  not  linear,  the  laser  could  easily  oscillate  on 
combinations  of  higher  order  modes  which  might  have  only  slightly  larger  waveguide 
losses,  instead  of  at  the  frequency  which  the  grating  is  tuned  for  and  which  may  have 
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a  lower  gain.  Also,  more  grooves  will  be  illuminated  when  the  grooves  are  normal  to 
the  waveguide,  since  the  beam  diameter  typically  is  larger  in  the  free  space  direction 
than  in  the  waveguide  direction. 

The  efficiency  of  the  grating  is  best  for  an  electric  field  vector  normal  to  the  grooves. 
It  is  very  fortunate  that  when  the  grating  is  oriented  with  the  angular  dispersion  in 
the  five  space  direction,  this  electric  field  polarization  which  has  maximum  reflection 
from  the  grating  is  the  same  as  the  one  which  has  lowest  waveguide  loss,  see  section 
4.1.2. 

The  main  problem  with  this  ample  tunable  resonator,  shown  in  Figure  4.8a,  is  that 
the  frequency  resolution  may  be  too  low  for  frequency  tuning  between  line  centres. 
Since  laser  reflection  gratings  must  be  operated  in  the  first  diffraction  order,  the 
resolution  R  =  p/Ap  is  directly  proportional  to  the  number  of  illuminated  grooves  N. 
p  is  the  optical  frequency  and  Ap  is  the  difference  between  two  frequencies  which  are 
just  resolved  after  the  Rayleigh  criterion.  The  grating  used  in  these  experiments  has 
135  grooves  per  millimeter  and  a  blaze  angle  of  ~45°,  see  Figure  4.7.  Thus  with  a 
2  mm  wide  beam  the  difference  Ap  between  two  frequencies  which  are  just  resolved 
after  the  Rayleigh  criterion  is  as  large  as  80  GHz.  Since  the  difference  between  two 
line  centre  frequencies  is  typically  40—60  GHz,  this  resolution  is  probably  too  low  for 
frequency  tuning  between  line  centres.  Also  a  problem  with  this  simple  solution  for 
the  rf-exdted  COj  lasers  described  in  these  experiments  is  the  frequency  independent 
loss.  The  peak  reflection  from  the  grating  will  probably  not  be  much  larger  than 
93—94%  including  the  coupling  losses.  The  resolution  of  the  grating  may  be  increased 
by  increasing  the  beam  diameter  in  the  open  direction.  To  do  this  the  discharge  width 
must  be  increased  to  match  the  beam  diameter.  This  will  result  in  reduced  gain  since 
the  pump  energy  is  fixed. 

One  problem  with  a  grating  can  be  that  the  maximum  radiation  that  can  be  shone  on 
the  surface  before  the  surface  is  damaged  in  general  is  lower  than  what  may  be  the 
situation  in  a  laser  resonator.  The  damage  threshold  is  usually  lower  than  for  the  best 
dielectric  or  metallic  mirrors.  This  may  limit  the  use  of  gratings  in  high  power  lasers. 
In  general  the  damage  threshold  is  high  enough  for  line-tunable  low  pressure  cw  COa 
lasers,  but  too  low  for  10  atm  dc-pulsed  TE  COa  lasers.  No  problems  with  grating- 
damage  have  been  encountered  in  the  10  atm  rf-exdted  COa  laser  described  in  this 
report. 

4.2.2  The  beam-expander/grating  resonator 

A  beam  expander  may  be  used  in  front  of  the  grating  to  increase  the  number  of 
illuminated  grooves,  that  is,  increase  the  frequency  resolution  of  the  grating.  Two 
beam-expander/grating  combinations  mounted  dose  to  the  waveguide  are  shown  in 
Figure  4.8b. 

With  a  2  mm  diameter  beam  in  the  waveguide,  a  magnification  M*8  of  the  beam- 
expander  is  adequate  to  illuminate  a  25  mm  squared  grating.  The  frequency  resolution 
R  would  be  R  *  p/Ap  -  N  3000,  which  would  give  Ap  10  GHz.  This  should  be 
suffident  for  frequency  tuning  between  the  line  centres.  Since  in  general  lenses  may 
be  diffraction  limited  when  the  f-number  is  larger  than  5,  such  a  beam-expander  may 
be  constructed  with  a  1  cm  diameter,  1  cm  focal  length  lense  and  an  8  cm  focal 
length  lens. 

When  the  collimator  and  the  grating  is  correctly  positioned  and  aligned  the  coupling 
losses  may  be  assumed  to  become  relatively  small.  It  should  be  noted  that  alignment 
of  the  beam-expander  is  very  critical.  The  lenses  must  be  oriented  coaxially  and 
parallel  to  each  other  with  very  good  accuracy  to  avoid  astigmatism.  The  separation 
between  the  two  lenses  must  be  controlled  with  an  accuracy  of  a  few  tenths  of  a 
millimeter.  The  movement  of  the  grating  normal  to  the  tuning  angle  direction  must 
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be  very  small  when  a  spherical-symmetric  expander  is  used.  This  is  because  any 
angular  deviation  of  the  diffracted  beam  away  from  the  optical  axis  is  increased  with 
the  magnification  M  of  the  beam-expander.  This  last  problem  can  be  overcome  by 
using  sylindrical  lenses,  so  the  beam  is  expanded  only  in  the  direction  perpendicular 
to  the  grooves. 

Another  problem  with  the  beam-expander  in  these  experiments  is  that  there  will 
inevitably  be  some  optical  loss  in  it.  Antireflection  coatings  cannot  be  made  100  per 
cent  transmissive,  especially  not  over  the  whole  spectral  region  between  9  and  11  pm. 
It  is  also  more  difficult  to  make  good  coatings  on  surfaces  with  short  radius  of 
curvature.  We  have  measured  2%  loss  after  single  pass  propagation  through  a  beam- 
expander  made  with  lenses  purchased  from  one  of  the  best  manufacturers  of  infrared 
optical  components  (108).  The  maximum  reflection  from  the  grating/beam-expander 
combination  will  thus  not  be  more  than  about  90%.  We  will  return  to  a  possible 
solution  of  this  problem  after  a  discussion  of  the  etalon. 

4.2.3  Resonators  with  etalons 

An  etalon  can  be  used  as  a  dispersive  element  both  in  combination  with  a  grating  and 
alone.  Harris,  O’Neill  and  Whitney  used  two  etalons  as  tuning  elements  in  con¬ 
tinuously  tunable  CO]  -lasers  (26).  One  etalon  was  a  very  narrow-gap  air-spaced  etalon 
for  a  coarse  frequency  selection.  The  other  was  a  solid  etalon  with  a  wider  gap  for 
fine  tuning. 

When  an  etalon  is  used  as  a  dispersive  element  in  a  laser  resonator  it  is  slightly  tilted 
with  respect  to  the  optical  axis.  Frequencies  for  which  the  transmission  through  the 
etalon  is  low  are  reflected  out  of  the  resonator,  that  is,  the  resonator  losses  are  high 
for  these  frequencies.  A  small  tilt  angle  introduces  only  small  ’’walk-off’  losses  for 
the  frequencies  at  tile  transmission  maximum  (109).  Frequency  tuning  may  be 
accomplished  by  varying  the  tilt  angle.  Tuning  of  an  air-spaced  etalon  may  also  be 
accomplished  by  mounting  one  of  the  mirrors  on  a  piezoelectric  translator  or  by 
varying  the  pressure  in  the  etalon  gap. 

In  a  continuously  tunable  C02  laser  it  is  desirable  to  be  able  to  choose  unambi¬ 
guously  a  frequency  within  the  gain  bands  between  9  and  11  pm,  drat  is,  between  33 
and  27  THz.  In  order  to  do  so  with  an  etalon,  the  free  spectral  range  c/2L  must  be 
larger  than  6  THz,  which  implies  that  the  etalon  gap  L  in  an  air-spaced  etalon  must 
be  smaller  than  25  pm.  c  is  the  speed  of  light  in  the  medium  between  the  etalon 
reflectors.  For  such  an  etalon  to  have  a  frequency  resolution  of  50  GHz,  which  is 
easily  obtainable  with  a  grating,  the  finesse  must  be  approximately  100.  A  finesse  of 
100  implies  that  the  reflection  R  on  each  surface  must  be  97%.  With  such  high 
reflectivities  the  peak  transmission  through  the  etalon,  or  the  throughput,  will  be  very 
poor  due  to  absorption,  scattering  and  other  inevitable  imperfections  in  the  etalon. 
The  throughput,  Tmjix  is  given  by 
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where  A  is  the  power  loss  at  each  surface.  In  Figure  4.9  are  shown  die  throughputs 
versus  reflectivity  R  on  each  surface  for  A  ■  0.01  and  A  ■  0.02.  Also  shown  are 
typical  values  of  throughput*  obtainable  in  practice,  according  to  a  manufacturer  of 
etalons  (110).  These  values  also  correspond  well  with  measurements  taken  during  this 
work. 
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It  may  thus  be  concluded  that  unless 
one  has  very  high  gain  and  problems 
with  optical  damage  of  the  grating,  a 
grating  is  superior  to  an  etalon  as  a 
main  frequency  tuning  element.  How¬ 
ever,  an  etalon  with  a  smaller  spectral 
range  and  a  lower  finesse  may  be  use¬ 
ful  to  increase  the  frequency  resolu¬ 
tion  of  a  grating.  The  free  spectral 
range  of  the  etalon  should  then  be 
equal  to  or  larger  than  the  resolution 
bandwidth  of  the  grating.  This  is 
shown  in  Figures  4.8c  and  4.10.  Fi¬ 
gure  4.8c  shows  schematically  the 
etalon/grating  combination  in  the  rf- 
excited  waveguide  laser.  Figure  4.10 
show  the  frequency  tuning  characteris¬ 
tics  of  the  etalon/grating  combination. 
The  transmission  characteristics  of  the 
etalon  correspond  roughly  to  that  of  a 
0.75  mm  thick  solid  ZnSe  etalon  with 
50%  reflectivity  on  each  surface.  The 
transmission  frequency  of  the  eta¬ 
lon  versus  tilt  angle  a  is  given  by 


(4.9) 


a  —  tilt  angle  of  the  etalon  with  respect  to  optical  axis 

To  make  the  ’’walk -off”  losses  as  small  as  possible  the  tilt  angle  a  should  be  as  close 
to  0°  as  possible.  However  it  is  important  that  the  frequencies  which  are  not  trans¬ 
mitted  through  the  etalon  are  reflected  completely  out  of  the  resonator. 

An  etalon  with  free  spectral  range  equal  to  the  resolution  bandwidth  of  the  grating 
gives  roughly  the  same  improvement  in  frequency  resolution  as  a  beam-expander  with 
magnification  M  equal  to  the  finesse  F  of  the  etalon.  A  10—80  GHz  free  spectral 
range  corresponds  to  an  air  gap  of  1 5  mm  and  2  mm  respectively,  or  a  6.25  —  0.8  mm 
thick  solid  ZnSe  etalon.  A  finesse  of  6  is  obtained  with  approximately  50%  reflection 
on  each  surface  of  the  etalon.  With  this  reflectivity  the  losses  will  be  approximately 
4%,  see  Figure  4.9. 

An  advantage  with  the  etalon  as  a  fine-tuning  element  is  that  the  resonance-frequency 
of  the  etalon  can  be  tuned  between  two  COa  line-centre  frequencies  by  varying  the 
tilt  angle  typically  3—5°,  see  Figure  4.10.  Thus  tuning  between  line-centre  frequencies 
can  be  easily  done  with  good  accuracy.  As  was  mentioned  in  the  proceeding  section, 
tuning  the  laser  frequency  between  two  C03  line-centres  with  a  grating  corresponds 
to  tuning  the  grating  angle  only  approximately  0.1°.  Thus  in  this  case  very  stable 
mounts  for  die  grating  and  high  precision  tuning  mechanics  are  required.  Another 
advantage  with  the  etalon  is  that  the  resonator  construction  can  be  made  more 
compact  than  with  a  beam-expander,  and  the  alignment  of  the  various  optical 


Figure  4.9  Maximum  transmission 

through  an  etalon  versus 
power  reflectivity  R  on  each 
surface 

Curves  for  two  valuer  of  absorption  A  on  each 
surface  ate  Stows,  see  equation  (4.8).  Bars  indi¬ 
cate  typical  marrimum  transmission  obtainable  in 
practice  (110). 

pE(o)  =  p(0)(l-(^!LaL)2)'1/2 

n 

n  —  index  of  refraction  of  the  etalon 
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Figure  4.10  Schematics  of  laser-frequency  tuning  with  grating  and  etalon 

The  trail aniuion  curve  of  the  etalon  is  dose  to  that  of  a  0.75  mm  thick  etalon  with  51% 
reflectivity  of  each  surface.  The  grating  is  used  as  a  coarse  frequency-tuning  dement. 
The  laser  frequency  is  fine-tuned  by  tuning  the  etalon  tilt  angle. 


components  is  not  so  critical  as  when  a  beam-expander  is  used.  On  the  other  hand, 
the  losses  in  the  etalon  increase  with  the  finesse,  while  the  losses  in  the  beam- 
expander  are  independent  of  M.  When  the  etalon  is  placed  between  the  waveguide 
and  one  of  the  reflectors,  the  distance  between  the  reflector  and  the  waveguide 
opening  will  be  at  least  10—20  mm.  This  will  give  waveguide  coupling  losses.  Finally, 
broad  frequency  scans  are  more  complicated  with  the  etalon  since  both  the  grating 
and  the  etalon  must  be  adjusted. 

4.2.4  Resonator  with  a  third  reflector 

The  problem  with  the  frequency -independent  loss  both  in  the  beam-expander/grating 
and  the  etalon/grating  combinations  can  be  overcome  by  using  an  extra  partial  reflec¬ 
tor  dose  to  the  waveguide.  In  Figure  4.8d  is  shown  a  resonator  with  an  extra  reflec¬ 
tor  in  front  of  an  etalon/grating  combination. 

The  improvement  in  reflectivity  obtained  by  using  an  extra  mirror  in  front  of  a 
reflection  grating  has  been  used  in  several  lasers  (111,  112).  It  has  also  been  used  to 
reduce  the  optical  damage  to  the  grating  and  to  achieve  single  longitudinal  mode 
operation  of  a  continuously  tunable  TE  COs  laser  (113). 


Figure  4.11  Maximum  power  reflectivity 
from  a  two-mirror  reflector  ver¬ 
sus  reflectivity  Rt  of  the  first 
mirror  for  various  reflectivities 
R2  of  the  second  mirror 


The  improvement  in  reflectivity 
when  the  extra  mirror  is  used  can  be 
analyzed  by  first  considering  the  re¬ 
flection  from  two  parallel  reflectors, 
that  is,  from  an  etalon.  Maximum 
reflection  occurs  when  the  etalon  is 
at  ’’antiresonance”.  Maximum  reflec¬ 
tion  is  shown  versus  reflectivity  Rt 
of  the  first  reflector  for  various  re¬ 
flectivities  R2  of  the  second  reflec¬ 
tor  in  Figure  4.11. 

When  the  second  reflector  is  a  grat¬ 
ing,  the  reflectivity  of  the  second 
surface  can  be  assumed  to  have  a 
frequency-dependent  reflection 

coefficient  corresponding  to  the  fre¬ 
quency  resolution  of  the  grating. 
When  an  etalon  is  inserted  between 
the  grating  and  the  extra  mirror,  the 
reflectivity  R2  of  the  second  surface 
can  be  expressed  as 

Ra  *  *c(f)TE*W  (4.10) 

where 

R^y)  —  Reflectivity  of  the  grating 

T£(y)  —  Transmission  through  etalon 


(the  beam  incident  on  the  etalon/grating  combination  passes  through  the  etalon  twice 
before  it  comes  back,  therefore  the  T2  term  in  equation  (4.10).) 

For  sake  of  simplicity  it  will  be  assumed  in  the  proceeding  analyses  that  one  resonance- 
frequency  of  the  etalon  is  close  to  the  reflection  maximum  of  the  grating,  and  that  the 
other  resonance-frequencies  can  be  ignored,  see  Figure  4.10. 

In  Figure  4.12  the  reflectivity  of  the  extra-mirror/grating/etalon  combination  is  shown 
versus  frequency.  Quantitatively,  values  have  been  used  in  Figure  4.12  which  correspond 
to  components  that  have  been  used  in  some  of  the  experiments.  The  distance  L  between 
the  grating  and  the  extra  mirror  is  2  cm,  the  reflectivity  of  the  extra  mirror  is  70%,  Rq 
has  a  maximum  reflectivity  of  87.5%  and  a  reflection  bandwidth  (FWHM)  of  100  GHz. 
The  0.75  mm  thick  ZnSe  etalon  has  51%  reflectivity  coating. 

It  is  seen  in  Figure  4.12  that  the  extra  mirror  has  three  pronounced  effects:  It  increases 
the  maximum  reflection  and  it  increases  the  reflection  bandwidth  of  the  etalon/grating 
combination.  The  first  effect  is  what  is  necessary  to  bring  the  laser  above  threshold  for 
oscillation.  The  second  effect  is  a  disadvantage  with  respect  to  the  frequency  tuning  of 
the  laser.  The  third  effect  is  that  the  extra  mirror  introduces  "holes” '  in  the  reflection 
curve.  These  ’’holes”  correspond  to  the  frequencies  where  the  ’’etalon”  formed  by  the 
extra  mirror  and  the  grating  is  at  resonance.  The  separation  between  these  resonance- 
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Figure  4.12  Power  reflection  from  a  grating/ etalon/ extra-mirror  combination 

The  daahed  line  it  the  grating  reflectivity.  The  dath-dot  line  it  the  grating/etalon 
reflectivity.  The  solid  line  it  the  grating/etalon/extra-inirror  reflectivity.  The  etalon  it  a 
0.75  m  thick,  51%/51%  coated  ZnSc  etalon  with  0.01%  surface  lost.  The  extra  minor 
has  70%  reflectivity.  The  distance  between  the  grating  and  the  extra  mirror  it  2  cm,  and 
it  is  assumed  to  be  adjusted  so  that  maximum  reflectivity  of  the  gra ting/extra-mirror 
combination  occurs  for  a  frequency  equal  to  a  resonance  frequency  of  the  etalon.  The 
units  on  the  frequency  axis  coneipond  to  the  distance  between  resonance-frequencies 
of  a  15  cm  long  resonator. 


frequencies  is  c/2L  where  L  is  the  distance  between  the  extra  mirror  and  the  grating. 
The  width  and  the  depth  of  the  ’’holes”  depend  on  the  reflectivities  of  the  extra 
mirror  and  the  grating.  In  general  the  higher  the  reflectivity  of  the  extra  mirror,  the 
narrower  and  deeper  are  the  ’’holes”  .  One  should  be  able  to  control  die  ’’position”  of 
these  holes  so  that  they  do  not  fall  on  the  resonance  frequency  of  the  etalon.  This  is 
best  done  with  the  grating  mounted  on  a  piezo-electric  translator. 

In  general,  the  higher  the  reflectivity  of  the  extra-mirror  the  higher  is  the  peak 
reflectivity  of  the  extra-mirror/etalon/grating  combination,  but  also  the  poorer  is  the 
frequency  resolution.  Thus  good  frequency  resolution  and  low  losses  are  in  contra¬ 
diction  to  each  other.  Several  parameters  must  be  chosen  to  optimize  a  specific  laser 
with  a  given  peak  small  signal  gain:  The  grating  is  the  least  critical  part  to  choose,  it 
should  have  as  good  resolution,  good  efficiency  and  high  damage  threshold  as  possible. 
The  thickness  of  the  etalon  must  be  chosen  so  that  its  resonance  frequencies  are  not  so 
close  that  the  laser  frequency  jumps  back  and  forth  between  the  resonance  frequencies 
during  the  tuning.  The  reflectivities  of  the  etalon  surfaces  must  be  chosen  so  that  the 
losses  are  not  too  high  (Figure  4.9)  and  so  that  the  frequency  resolution  is  good  enough 
in  combination  with  the  extra-mirror  reflectivity.  The  total  frequency  resolution  and 
peak  reflectivity  depend  on  all  the  above  mentioned  parameters.  A  detailed  quantitative 
analyses  of  this  problem  has  not  been  done  in  this  report.  Experimentally  a  few 
combinations  of  etalons  and  extra  mirrors  have  been  tried  out,  see  chapter  6. 
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When  the  extra  mirror  is  used,  a  problem  with  mode  matching  arises  since  the  total  laser 
resonator  then  consists  of  two  coupled  resonators.  It  may  be  necessary  to  corfol  the 
position  of  one  or  more  of  the  reflectors  to  make  the  resonance  frequency  of  the  total 
resonator  and  the  etalon  coincide  with  the  maximum  reflection  for  the  extra-mirror/ 
grating  combination.  A  more  serious  problem  is  the  transverse  mode  matching.  The 
output  mirror  and  the  extra  mirror  fcrm  a  resonator  with  a  certain  transv-rse  mode 
profile.  So  does  the  extra  mirror  *nd  the  grating,  or  the  extra-mirror  and  the  grating/ 
beamexpander  or  grating/etalon  combination.  If  the  two  transverse  modes  do  not 
match,  large  mode  coupling  losses  will  be  the  result.  It  was  pointed  out  in  section  4.2.2 
that  when  a  beam-expander  is  used  m  front  of  the  grating,  the  positioning  ?nd  alignment 
of  the  beam-expander  and  the  grating  are  very  critical.  The  fact  that  part  of  the 
resonator  is  a  waveguide  does  not  make  the  situation  easier.  The  alignment  of  the 
various  components  are  not  at  all  so  critical  when  the  etalon  is  used  and  when  the 
extra-mirror,  the  etalon  and  the  grating  are  mounted  as  close  to  the  waveguide  as 
possible. 

It  should  finally  be  noted  that  to  reduce  the  coupling  losses  for  the  extra-mirror/etalon/ 
grating  combination,  both  the  extra-mirror  and  the  etalon,  and  possibly  also  the  grating, 
can  be  mounted  inside  the  waveguide.  The  components  then  have  to  be  about  1  mm 
thick.  Also  the  beam-expander  can  be  mounted  inside  the  waveguide.  The  lenses  should 
be  cylindrical.  The  beam-expander  then  expands  the  beam  only  in  the  open  direction  of 
the  waveguide.  These  solutions  have  not  been  tried  experimentally  in  this  work. 

4.2.5  Resonator  with  a  prism  and  a  grating 

It  should  be  noted  that  another  way  to  enhance  the  frequency  resolution  of  the  grating 
is  to  use  a  prism  in  front  -of -it.  When  a  ZnSe  prism  is  used  at  Brewster’s  angle  of 
incidence,  the  magnification  will  be  M  =  n  =  2.4.  With  aTmrirBeaffi  hi  the  waveguide 
the  resolution  Av  of  the  grating  will  be  **30  GHz.  The  prism  can  be  mounted  inside  the 
waveguide  as  shown  in  Figure  4.8e.  The  side  of  the  prism  which  face  the  grating  can  be 
AR-coated,  or  it  can  be  used  as  an  extra  reflector  as  described  in  the  preceding  section. 
The  advantage  with  a  prism  compared  to  a  spherical  beam-expander  is  that  the  prism 
expands  the  optical  beam  in  only  one  direction.  Prisms  have  been  used  in  tunable  C02 
lasers  (125).  They  have  not  been  tried  in  the  experiments  described  in  this  report. 
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5  EXPERIMENTAL  APPARATUS  AND  MEASUREMENT  TECHNIQUES 

In  this  chapter  will  be  described  the  apparatus  and  experimental  techniques  that  have 
been  used  to  investigate  rf-discharge  characteristics  at  multiatmospheric  pressures,  and 
to  measure  the  laser-output  characterise'  The  laser  will  be  described  in  more  detail 
than  in  Chapter  2. 

First  will  be  briefly  discussed  the  choice  of  alternating-current  (ac)  frequency.  Pre¬ 
vious  work  (1,  2)  concludes  that  frequencies  both  in  the  MHz  and  GHz  domain  are 
suitable  for  pumping  of  gas  lasers.  The  possible  discharge  geometries  and  the  problem 
of  coupling  the  ac  power  into  the  discharge  vary  considerably  within  this  wide  fre¬ 
quency  range.  Also  it  should  be  taken  into  consideration  that  high-power  ac  sources 
are  not  readily  available  at  an,  frequency,  and  that  it  may  be  desirable  to  work 
within  an  industrial  .'—quency  band. 

In  the  work  described  in  this  report  it  was  initially  chosen  to  work  within  the 
industrial  frequency  band  at  40.68  MHz.  A  preliminary  1  atm  laser  was  first  built. 
The  construction  of  this  laser  will  not  be  described  here.  Then  a  multiatmospheric- 
pressure  discharge  chamber  was  constructed  for  investigation  and  measurements  of  the 
discharge  characteristics,  the  impedance  matching  problem  and  the  optical  gain  in  the 
discharge  at  up  to  at  least  10  atm.  Based  on  the  experiments  with  the  discharge 
chamber,  a  multiatmospheric -pressure  laser  was  built  with  a  discharge  geometry  simi¬ 
lar  to  that  in  the  discharge  chamber. 

A  great  deal  of  work  has  been  done  in  order  to  get  enough  rf-power  at  40.68  MHz. 
This  has  been  more  difficult  than  was  initially  anticipated.  It  has  been  chosen  to  drive 
an  increasing  number  of  modified  solid-state  500  W  ”RF-Power  Labs*’  radio-amateur 
amplifiers  in  parallel.  These  have  been  found  to  be  reasonably  reliable  and  robust. 
The  amplifier  system  will  be  described  in  section  5.5.  It  is  probably  not  the  best 
solution  for  a  practical  tunable  laser  system. 


5.1  Choice  of  ac-discharge  excitation  frequency 

In  the  radio-frequency  domain  and  when  rf-discharges  between  parallel-plate  elec¬ 
trodes  are  concerned,  the  choice  of  excitation  frequency  is  connected  to  the  choice 
of  electrode  separation  through  the  demand  that  the  electron  displacement  shall  be 
less  than  the  electrode  separation.  As  was  shown  in  Chapters,  the  displacement 
amplitude  will  be  less  than  approximately  1  mm  for  frequencies  above  20  MHz.  In 
addition  to  this  demand,  the  ac-frequency  should  probably  be  as  high  as  possible  in 
order  for  the  time  between  reversals  of  the  voltage  polarity  to  be  too  short  for 
development  of  arcs,  see  Chapter  3. 

When  the  wavelength  associated  with  the  ac-frequency  is  much  longer  than  the  dimen¬ 
sion  of  the  discharge  region,  the  electric  field  will  be  uniform  along  the  whole  elec¬ 
trode  length.  If  the  wavelength  is  of  the  same  magnitude  or  shorter  than  the  discharge 
dimensions,  a  uniform  electric  field  can  be  achieved  by  separate  feeding  of  individual 
electrode  segments  with  individual  phase  delay  and  individual  reactive  ballasting. 

A  vacuum  wavelength  longer  than  10  times  the  electrode  length  L  corresponds  to  a 
frequency  below  200  MHz  for  L  =  1 5  cm. 

Good  coupling  of  the  energy  into  the  discharge  requires  that  the  impedance  of  the 
discharge  as  seen  from  the  rf-power  source  is  equal  to  the  internal  impedance  of  the 
source.  In  general,  good  coupling  can  be  achieved  at  any  frequency.  At  frequencies  up 
to  about  100  MHz  the  impedance  matching  can  be  accomplished  with  lumped-circuit 
components  like  solenoides  and  capacitors.  At  these  frequencies  the  inductive  loads 
caused  by  current-loops  between  the  lumped-circuit  components  is  relatively  low. 
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Above  about  100  MHz  these  inductive  loads  become  comparable  to  and  larger  than 
the  reactive  loading  of  discrete  components.  At  these  frequencies  transmission-line 
matching  is  probably  more  appropriate. 

If  frequencies  in  the  GHz  domain  are  used,  microwave  waveguides  or  miciowave 
resonators  must  be  ui  u  to  couple  the  power  into  the  discharge.  A  carrier  frequency 
of  9.S75  GHz  has  been  used  to  pump  a  pulsed  high-pressure  XeCl  exdmer  laser  by 
coupling  the  micro wa, :  power  from  the  primary  waveguide  into  a  secondary  wave¬ 
guide  embracing  the  laser  gas  (45).  The  laser  optical  axis  was  parallel  to  the  propaga¬ 
tion  of  the  microwave  field.  A  tapered  waveguide  has  also  been  used  in  pumping  of  a 
low-pressure  C02-laser  with  2.45  GHz  microwave  pulses  (34).  The  gas  was  located  in 
the  tapered  section  and  the  optical  axis  was  perpendicular  to  the  propagation  of  the 
microwave  field. 

In  the  choice  of  ac-frequency  the  availability  of  rf-power  sources  should  also  be  taken 
into  consideration,  since  the  development  of  a  power  source  may  be  a  rather  large 
project.  In  section  3.7  it  was  concluded  that  at  least  10  kW  is  required  for  pumping 
of  a  continuously-tunable  C02  -laser.  Such  high  power  ac  sources  are  not  readily 
available. 

Up  to  about  30  MHz  there  exist  several  rf  amplifiers  which  have  been  designed  for 
use  as  short-wave  transmitters  (114,  115).  Between  30  MHz  and  about  100  MHz  there 
are  few  available  high-power  sources.  FM  broadcasting  station  amplifiers  typically  give 
10  kW  cw  output  in  the  80—120  MHz  band.  Such  an  amplifier  can  probably  be 
modified  to  an  even  higher  peak-power  pulsed  rf-source  (117).  In  the  GHz  frequency 
domain  magnetrons  with  very  high  output  power  (~  1  MW)  and  very  good  efficiency 
are  available. 

Perfect  shielding  of  the  laser  and  the  power  source  can  be  difficult.  To  avoid  inter¬ 
ference  with  communication  frequencies,  it  may  be  desirable  to  work  within  an 
industrial  frequency  band.  Between  13  MHz  and  10  GHz  these  are:  13.51  MHz  ± 
0.05%,  27.12  MHz  ±  0.6%,  40.68  MHz  ±  0.05%,  2.425-2.450  GHz,  5.725-5.875  GHz 
and  10—10.5  GHz. 

In  this  work  an  ac-frequency  of  40.68  MHz  has  been  chosen  for  several  reasons. 
Radiation  from  the  discharge  was  considered  to  be  unavoidable,  at  least  under  the 
experimental  conditions.  It  was  therefore  chosen  to  use  an  industrial-band  frequency. 
40.68  MHz  was  chosen  because  it  is  the  highest  industrial  frequency  band  below  the 
GHz-domain.  At  40  MHz  the  impedance  matching  may  be  accomplished  by  easily 
available  lumped-circuit  components,  and  the  voltage  across  the  discharge  can  be 
measured  relatively  accurately  with  a  commercial  high-voltage  probe. 


5.2  The  high-pressure  discharge  chamber 

The  high-pressure  discharge  chamber  is  designed  for  at  least  20  atm  gas  pressure.  A 
cross-sectional  view  is  shown  in  Figure  5.1.  The  base-plate  and  side-walls  are  made  out 
of  one  block  of  aluminium.  Holes  are  drilled  through  the  block  for  water  cooling. 
The  top  cover  is  made  of  25  mm  thick  Lucite  for  visual  observation  of  the  discharge. 
The  inner  dimensions  are  8  cm*  6  cm  bottom  and  3  cm  side-walls.  This  allows  for 
5—6  cm  long  electrodes.  The  electrode  geometry  shown  in  Figure  5.1  has  been  chosen 
for  several  reasons.  Efficient  cooling  of  the  ungrounded  electrode  is  provided  by 
clamping  it  to  the  aluminium  block  with  a  Boron  Nitride  block  as  a  spacer.  Boron 
Nitride  has  reasonably  hif^i  thermal  conductivity  and  low  dielectric  constant,  see 
Table  5.1.  A  preshaped  Berullium  Oxide  block,  which  would  have  had  even  better 
thermal  conductivity,  could  also  have  been  used.  The  electrode  geometry  allows  direct 
visual  observation  of  the  discharge  from  the  top.  The  separation  of  the  electrodes  can 


be  varied  continuously  over  a  wide 
range.  In  the  experiments,  elec¬ 
trodes  with  various  sizes,  and  both 
pure  metal  electrodes  and  electrodes 
covered  with  various  dielectric  ma¬ 
terials  have  been  tried. 


The  electrical  feedthrough  goes 
through  a  teflon  bolt  which  is 
screwed  into  the  aluminium  ride- 
wall. 

The  gas  flows  into  the  chamber 
through  a  2  mm  wide  slit  extending 
the  full  length  of  the  electrodes. 
Two  ZnSe  windows  are  located  on 
opposite  side-walls  perpendicular  to 
the  longitudinal  axis  of  the  dis¬ 
charge.  In  this  way  a  COj  -laser 
beam  can  be  directed  through  the  discharge  region  for  measurement  of  the  optical 
gain  in  the  discharge.  The  ZnSe  windows  are  0.5  cm  thick  and  anti-reflection  (AR) 
coated  for  10  nm  radiation. 
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Figure  5.1  Cross-section  of  the  high-pressure 
rf-dischnrge  chamber  and  sche¬ 
matics  of  the  impedance  match¬ 
ing  network 

The  1000X  high-voltage  probe  is  a  Tektronix  P6015. 


Table  5.1  Electrical  and  thermal  properties  of  some  materials 


5.3  The  high-pressure  laser 

The  design  of  the  high-pressure  Laser  is  similar  to  the  design  of  the  high-pressure 
discharge  chamber.  The  laser  is  made  of  an  aluminium  base-plate  and  Lucite  side-walls 
and  top-cover.  A  picture  of  the  laser  with  the  side-walls  and  top-cover  removed  was 
shown  in  Figure  2.2.  In  Figure  5.2  the  laser  is  shown  with  only  the  top-cover  re¬ 
moved.  (Also  shown  is  the  box  containing  the  impedance  matching  network,  which 

will  be  discussed  in  the  next  section.) 
The  inner  dimensions  of  the  laser 
chamber  are  27  cm  x  8  cm  bottom 
and  5  cm  side-walls.  The  Lucite  side- 
walls  and  top-cover  are  2.5  cm  thick. 

The  electrodes  used  in  the  experi¬ 
ments  described  in  this  report  are 
13.5  cm  long.  The  ungrounded  elec¬ 
trode  is  2  mm  wide.  The  waveguide 
is  formed  by  polished  sapphire  rib¬ 
bons  (130)  which  are  15  cm  long, 
0.75  mm  thick  and  12.5  mm  wide. 
The  optical  components  in  the  reso¬ 
nator  are  mounted  either  onto  Lu¬ 
cite  brackets  which  are  fastened  to 
the  electrodes,  or  to  the  baseplate. 
The  alignment  of  the  optical  com¬ 
ponents  can  be  adjusted  from  out¬ 
side  the  chamber  by  means  of  six 
screwdriver  pins  which  go  through  the  chamber  side-walls,  with  o-ring  tightening.  The 
screwdriver  pins  can  be  seen  in  Figure  5.2. 

The  optical  components  in  the  laser  resonator  shown  in  Figure  5.2  are  an  output- 
mirror  on  a  piezoelectric  translator  (to  the  left)  and  an  extra  mirror,  an  etalon  and  a 
grating  (to  the  right).  The  output  from  the  laser  resonator  comes  out  of  the  laser 
chamber  through  a  0.75  cm  thick  ZnSe  window.  The  window  is  AR-coated  for  10  pm 
radiation.  The  window  is  tilted  5°  from  perpendicular  to  the  resonator  optical  axis  to 
avoid  any  feedback  of  the  laser-output  into  the  resonator. 

5.4  The  impedance  matching  network 

In  these  experiments  the  problem  of  matching  the  complex  impedance  of  the  dis¬ 
charge  and  the  laser  head  to  the  50  source  was  first  studied  for  the  high-pressure 
discharge  chamber.  An  impedance  matching  network  design  which  was  found  to  be 
suitable  for  the  high-pressure  discharge  experiments  has  also  been  used  for  the  laser. 
Here  this  impedance  matching  network  will  be  described.  Numerical  values  arc  taken 
from  the  laser  and  the  impedance  matching  network  used  for  the  laser. 

The  electrical  characteristics  of  the  discharge  were  considered  in  section  3.6.3.  The 
electric  equivalent  circuit  diagram  of  the  laser  head  and  the  gas  discharge  is  shown  in 
Figure  5.3a.  R  is  the  discharge  resistance  and  Cr  is  the  capacity  in  parallel  with  R. 
Before  gas  breakdown,  R  is  infinitely  large.  After  gas  breakdown  R  is  typically 
0.1  —  10  kS2,  depending  on  the  input  power,  gas  pressure  and  gas  mixture.  At  10  atm 
gas  pressure,  with  a  C02 : N2 : He  gas  mixing  ratio  of  2:2:96  and  with  ~7  kW  input 
rf-power  R~  1  k£2.  The  capacitive  impedance  Xr=  (cjCr)‘*  in  parallel  with  R  is  typi¬ 
cally  1.5  kI2.  Cd  is  the  capacity  of  the  dielectric  material  on  the  electrodes  and  the 
dark  space  regions.  Xd  =  (u>Cd)''  is  typically  300  (0.75  mm  sapphire  ribbons  and 


Figure  5.2  The  high-pressure  rf-excited 
COi-laser  with  screen-box  and 
top-cover  removed 

Also  shown  is  the  box  containing  the  impedance 
matching  network. 
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Figure  5.3  Electric  equivalent  circuits  of  the 
laser  and  the  impedance  match¬ 
ing  network 

The  various  impedances  are  described  in  the  text. 

a)  Electric  equivalent  circuit  of  the  laser  head 

b)  The  laser  head  (Z^,)  aad  the  impedance  matching 
network 

c)  Electric  equivalent  circuit  of  the  laser  and  the 
effective  resistance  R,  describing  the  power  los¬ 
ses  in  the  laser  and  in  the  impedance  matching 
network  without  the  discharge 


0.1  mm  dark  space  region  with  e=l). 
Cg  is  a  stray  capacity  between  elec¬ 
trode  and  the  rest  of  die  laser  struc¬ 
ture.  The  stray  capacity  is  much  lar¬ 
ger  than  the  discharge  gap  capacity. 
Xg=  (wC,)*1*  250(2  has  been  mea¬ 
sured,  which  gives  Cg~  15  pF.  Lg  is 
the  inductance  of  the  current  loop 
from  the  electrical  input  contact  to 
the  ground,  and  Rg  is  an  effective 
resistance  in  series  with  the  discharge 
due  to  various  losses  in  the  network, 
see  below.  The  skin-depth  in  copper 
is  ~10pm  (see  section  3.6.6)  and 
consequently  Rg  <*>  0.8  Sl/m  in  a 
1  mm  diameter  copper  wire  (123). 
This  is  a  negligibly  small  value.  Both 
Lg,  and  Rg  due  to  the  lead  resistivity, 
can  in  practice  be  neglected. 

The  complex  impedance  ZL  of  the 
network  in  Figure  5.3a  can  be  de¬ 
scribed  by  a  resistance  R'  in  parallel 
with  a  capacity  C\  where  R'  and  C' 
depend  on  all  the  impedances  shown 
in  Figure  5.3a.  This  is  illustrated  in 
Figure  5.3b. 

The  impedance  ZL  can  be  trans¬ 
formed  to  the  internal  impedance 
Z0=  50  (2  of  the  power  source  by  a 
number  of  reactive  networks  (131). 
The  network  that  has  been  used  in 
the  experiments  described  in  this 
report  is  shown  in  Figure  5.3b.  A 
tunable  capacitor  allows  tuning  of 
Cj  from  200  pF  >C3>50pF. 
(20  (2  <  X3  <80  SI,  where  X3= 
(coC3  )M  ).  The  inductance  Lj  ~  lpH 


is  provided  by  a  ~5  turn  single-layer  solenoid  with  diameter  ~3  cm.  L3  is  tunable 


typically  ±5%  by  variation  of  the  length  of  the  solenoid.  L,  ~  0.15  pH. 


By  analysis  of  the  network  in  Figure  5.3b  it  can  be  shown  that  under  the  condition 


X2  +X3  +Xc-  =  0  (5.1) 

the  impedance  matching  condition  Z  =  Z0  is  satisfied  for 

X3  *  *c'  (5.2) 


(5.3) 
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It  was  noted  above  that  the  resistance  in  a  I -mm  diameter  copper  wire  could  be 
neglected  in  these  experiments.  However  there  are  other  rf-power  loss  sources  which 
should  be  taken  into  consideration.  There  will  inevitably  be  radiation  losses  from  the 
solenoids  and  the  current  loops  in  the  impedance  matching  network.  The  electric  and 
magnetic  fields  induce  currents  in  the  environments.  Therefore  metals  with  very  low 
resistivity  (copper,  aluminium)  and  dielectric  materials  with  low  dielectric  losses 
should  be  used  in  the  laser  and  in  the  box  containing  the  impedance  matching 
network.  Specifically  iron,  glass  and  Turbax  should  be  avoided.  In  these  experiments 
the  impedance  matching  network  is  housed  in  a  copper  box,  and  the  screening  box 
for  the  laser  is  made  of  aluminium.  An  effective  resistance  R,*5  1  fl  due  to  the  losses 
in  the  network  without  the  discharge  has  been  measured  in  these  experiments,  see 
section  5.7.1.  This  resistance  R$  can  dissipate  a  significant  portion  of  the  rf-power 
incident  on  the  discharge,  see  Figure  5.3c.  This  is  because  most  of  the  current  that 
goes  through  Rs  passes  through  the  capacity  in  parallel  with  the  discharge  when  the 
capacitive  impedances  in  parallel  with  the  discharge  are  snaller  than  the  resistivity  of 
the  discharge.  Therefore  it  is  important  that  the  stray  capacity  C  is  as  small  as 
possible.  An  analysis  of  the  circuit  shown  in  Figure  5.3c  (6)  shows  that  for  R^=  1  S2 
usually  less  than  5%  of  the  input  power  is  dissipated  in  R,  in  the  experiments 
described  in  this  report. 


5.5  The  rf-power  source 

The  rf-power  source  is  shown  schematically  in  Figure  5.4.  The  output  from  a  cw 
40.68  MHz  oscillator  is  attenuated  by  a  variable  attenuator  for  control  of  the  final 

output  power.  The  output  from  the 
attenuator  is  pulse-modulated  by  a 
modulator  (a  mini-circuit  SRA-1 
double-balanced  mixer)  driven  by  a 
variable-pulse  generator.  The  output 
from  the  modulator  is  amplified  by  a 
50  W,  47  dB  gain  amplifier  (Ailtech 
model  5020,  1—200  MHz).  Approxi¬ 
mately  30  W  peak-power  maximum 
from  the  Ailtech  amplifier  is  fed  into 
eight  ”RF  Power  Labs”  model  V360 
dc  500  W  solid  state  amplifiers. 
These  are  originally  designed  for  the 
50—54  MHz  radio-amateur  band,  and 
have  been  tuned  down  to  41  MHz  by 
the  manufacturer.  They  have  been 
further  modified  here  at  the  NDRE, 
and  are  driven  with  40  V  dc  in  class  C  operation.  (They  were  originally  designed  for 
28  V  input  and  class  AB  operation.)  Peak  output  power  is  approximately  7—8  kW.  In 
Figure  5.5  is  shown  a  picture  of  the  rack  containing  the  50  W  amplifier  (at  the 
bottom)  the  40  V  power-supply  (in  the  middle)  and  the  eight  final-stage  amplifiers. 
(At  the  top  of  the  pile  of  amplifiers  is  an  oscillator/modulator  unit  which  has  not 
been  used  in  these  experiments.) 


HM  AMPLIFIER 


Figure  5.4  The  rf-power  source 
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Figure  5.5  The  rf -amplifier  system 


For  feeding  the  rf-power  from  the 
50  W  amplifier  into  the  eight  final- 
stage  units  and  for  combining  the 
output  from  the  eight  units,  "Wilkin- 
son  dividers/combiners”  (132)  have 
been  used.  The  diagram  for  an  N-way 
Wilkinson  divider/combiner  is  shown 
in  Figure  5.6.  Z0  is  the  impedance  at 
the  input  and  output  terminals.  The 
N-way  divider/combiner  consists  of 
N  quarter-wavelength  transmission 
lines  (coaxial  cables)  with  characte¬ 
ristic  impedance  Z  =  Z0^/N'.  At  the 
N-way  terminal  side  (to  the  right) 
the  centre-conductors  are  connected 
to  a  common  junction  (not  ground) 
with  resistive  loads  equal  to  Z0. 
When  the  one-terminal  side  (to  the 
left)  is  terminated  with  an  impe¬ 
dance  Z0,  the  impedance  seen  from 
each  of  the  N  terminals  to  the  right 
will  be  equal  to  Z„,  regardless  of 
what  is  the  impedance  of  the  (N— 1) 
other  terminals  to  the  right. 

In  these  experiments  the  8-way 
power-splitter/combiner  has  been 
realized  with  two  4-way  and  one 
2-way  splitters/combiners  at  the  in¬ 
put  and  output  sides  of  the  final 
stage  amplifier. 

From  the  output  of  the  amplifier 
system  the  power  is  fed  to  the  laser 
with  an  RG214U  double  braided 
50  £2  coaxial  cable. 


i 


i 


i 


Figure  5.6  Wilkinson  divider/combiner 
(after  (132)) 


64 


S.6  The  gas-handling  equipment 

The  gas-handling  equipment  is  shown  schematically  in  Figure  5.7.  It  is  designed  for 
use  both  with  gas  recirculation  and  for  blowing  the  gas  through  the  discharge  and  out 
into  the  air. 

When  the  gas  is  blown  through  the  discharge  and  out,  valve  1  (Figure  5.7)  is  closed 
and  valves  2,  3  and  5  are  open.  The  gas  pressure  is  adjusted  with  the  reduction  valve 
on  the  gas  bottle  and  the  gas  flow  is  adjusted  with  valve  4.  Premixed  gas  mixtures  on 
10  1  and  40  1  bottles  at  up  to  150  atm  have  been  used.  Before  entering  the  discharge 
region  the  gas  flows  through  a  water-cooling  system  and  through  a  gas  filter  (Mathe- 
son  6164,  P4).  The  gas  pressure  is  monitored  with  a  pressure  gauge  (Vika,  class  0.6) 
and  the  gas  flow  is  monitored  with  a  flowmeter  (Fisher  &  Porter  10A1190  variable 
area  flowmeter),  downstream  from  the  laser.  The  gas  exit  is  through  valve  5  and  the 
vacuum  pump. 


Figure  5. 7  The  gas  handling  equipment 


When  the  gas  is  recirculated,  the  whole  gas  system  is  first  evacuated  with  the  vacuum 
pump  to  about  0.1  torr.  The  premixed  gas  mixture  is  circulated  by  the  diaphragm 
pump  (Dawson  MacDonald  Sc  Dawson,  UK,  type  D1416/657  Series  4).  Maximum 
flow-rate  is  20 1/min  (by  volume)  and  maximum  pressure  in  the  pump  is  7  bar 
(gauge).  The  ballast  tanks  at  the  input  and  output  of  the  pump  are  used  to  ensure  a 
smooth  gas  flow  through  the  laser.  The  gas  flow-rate  can  bee  adjusted  by  valves  3  and 
4. 

Textile  armed  rubber  pipes  (from  Norgas  A/S)  are  used  between  the  various  elements 
in  the  gas  system.  The  pipes  are  flexible  and  do  not  collapse  when  the  gas  system  is 
evacuated.  Inner  and  outer  diameter  are  8  mm  and  1 2  mm  respectively. 

The  volume  of  the  gas  recirculation  system  is  approximately  2.5  1. 
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5.7  Measurement  techniques 

5.7.1  Gas  discharge  characteristics 

The  gas  discharge  could  be  observed  visually  from  the  top  through  the  Lucite  top- 
cover  both  in  the  gas  cell  and  in  the  laser.  A  copper  netting  was  usually  put  on  top 
of  the  gas  cell  for  screening  of  the  rf-radiation  which  is  inevitably  generated  by  the 
discharge  and  the  electrical  network.  The  aluminium  screen-box  on  the  laser  had  a 
copper  netting  on  the  top. 

The  input  and  reflected  rf-power  were  measured  with  40  dB  directional  couplers  (Bird 
Thru  line,  series  4274  rf  directional  coupler  plug-in  elements).  This  was  shown  schema¬ 
tically  in  Figure  2.1  and  can  also  be  seen  in  Figures  5.8  and  5.9.  The  voltage  across 

the  electrodes  in  the  gas  cell  was 
measured  with  a  Tektronix  P6015 
1000X  high-voltage  probe.  The 
probe  was  built  into  the  impedance 
matching  network  and  connected  to 
the  input  wire  as  close  to  the  dis¬ 
charge  chamber  as  possible.  This  was 
shown  schematically  in  Figure  5.1. 
The  inductance  in  the  current  loop 
Figure  5.8  The  experimental  set-up  for  mea-  from  the  input  to  ground  was  negli- 
surement  of  gain  in  the  discharge  gibly  small. 

The  reactive  impedances  of  the  laser  head  and  the  impedance  matching  circuit  were 
measured  with  an  rf  vector  impedance  meter  (HP  4815A).  The  effective  R  in  series 
with  the  discharge  (Figure  5.3c)  was  derived  from  measurement  of  the  Q-value  of  the 
circuit  in  Figure  5.3b  without  the  discharge.  The  circuit  could  be  tuned  into  reso¬ 
nance,  and  the  impedance  was  measured  with  the  vector  impedance  meter. 

5.7.2  Gain  measurements 

The  experimental  set-up  for  measurement  of  small-signal  gain  in  the  discharge  is 
shown  schematically  in  Figure  5.8.  The  linearly-polarized  beam  from  a  stabilized  cw 
C02 -probe-laser  was  directed  through  the  discharge  region  in  the  high-pressure  dis¬ 
charge  chamber.  The  lens  at  the  input  side  collimated  the  probe  beam  so  the  beam- 
waist  through  the  discharge  region  was  approximately  0.75  mm.  The  beam  collimation 
length  2b  was  **9  cm  (section  4.1.1).  A  5  cm  focal-length  lens  focused  the  transmitted 
beam  on  the  detector  (a  Labimex  R005  room-temperature  CMT-detector). 

There  are  several  error  sources  in  the  gain-measurement  experiments.  Care  must  be 
taken  so  that  the  probe  beam  goes  through  the  centre  of  the  discharge  region  parallel 
to  the  electrodes,  and  that  the  whole  beam-waist  is  well  within  the  discharge  cross- 
section.  The  heat,  the  electron  density  and  the  shock  waves  generated  in  the  discharge 
cause  fluctuations  in  the  index  of  refraction  of  the  discharge.  This  can  deviate  and 
spread  the  probe  beam.  When  the  probe  beam  is  focused  on  the  detector,  some 
portion  of  die  incident  power  is  reflected  back  into  the  laser.  This  feedback  to  die 
probe  laseT  causes  fluctuations  in  the  laser  output.  (This  feedback  disturbance  of  the 
probe  laser  could  have  been  avoided  by  insertion  of  a  quarter-wave-plate  in  the 
beam,  but  this  has  not  been  done). 

It  was  observed  that  when  the  detector  and  the  lens  in  front  of  it  were  not  well 
aligned,  the  probe-beam  signal  was  heavily  disturbed  by  the  discharge  from  the  start 
of  the  discharge  pulse  till  several  hundred  microseconds  after  the  pulse  had  been 
turned  off.  No  interpretation  of  gain  was  possible  under  these  circumstances.  When 
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the  lens  and  the  detector  and  the  probe  beam  were  well  aligned,  the  probe-beam 
signal  was  constant  between  the  discharge  pulses.  A  photograph  of  the  probe-beam 
signal  during  the  discharge  under  these  conditions  is  shown  in  Figure  6.10. 

The  detector  that  was  used  in  the  gain  measurements  had  a  frequency  response 
varying  typically  from  45  mV/W  at  dc  to  30  mV/W  at  100  MHz.  The  large  variation 
in  the  response  versus  frequency  was  not  discovered  until  after  the  gain  measurements 
had  been  performed.  The  detector  has  not  been  calibrated  at  the  frequency  adequate 
for  the  gain  measurements.  It  is  assumed  that  the  response  adequate  for  the  gain 
measurements  is  close  to  the  high-frequency  response. 

Because  of  all  the  measurement  uncertainties  described  above,  little  weight  has  been 
put  on  the  gain  measurements  in  die  work  described  in  this  report.  The  gain  measure¬ 
ments  were  performed  in  an  early  stage  of  this  work. 

5.7.3  Laser-output  and  frequency  tuning  measurements 

The  experimental  set-up  for  measurement  of  the  laser-output  power  and  the  laser 
frequency  is  shown  in  Figure  5.9.  The  output  from  the  laser  is  split  by  a  ZnSe-wedge. 
The  beam  transmitted  directly  through  the  wedge  is  incident  on  a  1 -meter  grating 
spectrometer  (Jobin  Yvon  HR1000).  The  frequency  resolution  (FWHM)  of  the  mono- 
cromator  is  ~4  GHz,  which  is  approximately  1/10  of  the  frequency  separation  bet¬ 
ween  CO)  line-centre  frequencies.  The  beam  reflected  twice  in  the  ZnSe  wedge  is 
focused  onto  a  pyroelectric  detector  (Molectron  P3-01).  The  fraction  of  the  power 
incident  on  the  wedge  that  reaches  the  pyroelectric  detector  is  measured  and  calcu¬ 
lated  theoretically  with  good  consistency.  This  provides  a  measurement  of  both  the 
pulse-shape  and  absolute  output  power  from  the  laser  with  the  pyroelectric  detector. 


Figure  5.9  The  experimental  set-up  for  measurement  of  laser  output  power  and  laser 
frequency 


The  signals  from  the  detectors  and  the  40  dB  directional  couplers  are  displayed  either 
on  a  Tektronix  7603  or  a  Tektronix  7104  oscilloscope. 

In  Figure  5.10  is  shown  the  experimental  apparatus,  including  die  1-meter  spectro¬ 
meter  (to  the  left),  the  table  with  the  laser,  the  beam-handling  optics  and  the  pyro¬ 
electric  detector  (in  the  foreground),  the  rf-amplfieis  (in  the  background  to  the  right) 
and  the  rack  containing  the  rf-pulse  controls,  3  oscilloscopes,  the  regulation  system 
for  the  cw  C03  -laser,  the  vector  impedance  meter  etc  (to  the  right). 


Figure  5.10  Photograph  of  the  experimental  set-up  shown  in  Figure  5.9,  see  text 


In  the  measurements  of  the  high-frequency  modulation  of  the  laser  output,  the  out¬ 
put  beam  was  incident  on  the  R005  CMT  detector,  which  has  a  bandwidth  of  ap¬ 
proximately  1  GHz.  This  is  approximately  equal  to  the  frequency  separation  between 
two  neighbouring  resonance  frequencies  of  the  laser  cavity.  This  experiment  was 
performed  in  order  to  investigate  whether  the  laser  oscillated  on  two  neighbouring 
resonator  frequencies  simultaneously.  The  same  detector  was  used  in  heterodyne 
measurements  where  the  output  from  the  laser  was  mixed  with  the  output  from  a  cw 
C02  -laser.  This  experiment  was  performed  in  order  to  measure  the  variation  in  the 
laser  output  frequency  during  the  pulse  and  from  pulse  to  pulse  with  better  reso¬ 
lution  than  is  obtainable  with  a  grating  spectrometer.  The  signals  were  displayed  on  a 
Tektronix  7104  oscilloscope. 


6  EXPERIMENTAL  RESULTS  AND  DISCUSSION 


The  goal  of  the  experiments  described  in  this  report  has  been  to  investigate  whether 
it  is  possible  to  develop  a  continuously  tunable  rf-excited  CO*  -laser.  As  has  been 
pointed  out  previously,  the  gas  pressure  required  for  continuous  frequency  tuning  of 
a  C02 -laser  between  line-centre  frequencies  is  approximately  10  atm  when  a  single 
isotope  is  used  (8)  and  5  atm  when  a  mixture  of  C02  isotopes  is  used  (7). 

The  experimental  results  will  be  presented  in  four  main  sections.  First  will  be  presen¬ 
ted  and  discussed  typical  characteristics  of  the  rf-discharges  between  parallel  plate 
electrodes.  In  Chapter  6.2  will  be  presented  and  discussed  results  from  discharge 
experiments  performed  in  order  to  attain  a  stable  glow-discharge  at  5— 10  atm  with 
long  enough  duration  and  with  high  enough  rf-energy  input-coupling  to  give  sufficient 
gain  for  the  pumping  of  a  laser.  In  these  experiments  the  stability  and  duration  of  the 
glow-discharge  before  a  large  number  of  arcs  began  to  develop  was  measured  for 
various  gas  mixing  ratios  and  discharge  geometries.  Experiments  were  also  made  in 
order  to  determine  the  E/N  ratio  in  the  gas  discharge  and  to  measure  the  discharge 
impedance.  These  are  central  parameters  in  the  description  of  the  discharge,  and  they 
will  be  discussed  in  connection  with  the  theory  in  Chapter  3.  In  section  6.3  will  be 
presented  laser  performance  characteristics  for  pressures  up  to  10  atm  when  a  low- 
loss,  non-tunable  laser  resonator  is  used.  The  results  show  Lser  output  power,  pulse 
shape  and  pulse  stability  which  are  typically  obtainable  with  input  rf-power  levels  up 
to  7—8  kW.  They  also  show  typical  minimum  input  rf-power  required  to  reach  thres¬ 
hold  for  laser  oscillation.  The  estimate  of  the  small  signal  gain  per  rf  pump  energy 
made  in  section  3.7  will  be  compared  to  measurements  of  small  signal  gain  and  the 
measured  rf  pump  power  required  to  reach  threshold  for  laser  oscillation.  In  section 
6.4  will  be  described  experiments  made  in  order  to  demonstrate  continuous  frequency 
tuning  between  line-centre  frequencies.  Several  of  the  tunable  resonators  discussed  in 
Chapter  4  have  been  investigated  experimentally.  No  experiments  have  been  per¬ 
formed  to  measure  the  total  frequency  range  for  which  continuous  frequency  tuning 
can  be  obtained. 

Several  conditions  have  been  common  to  the  experiments.  40.68  MHz  rf  excitation 
frequency  has  been  used  throughout.  In  almost  all  the  experiments  a  premixed  gas 
mixture  has  been  blown  from  a  gas  bottle  through  the  discharge  and  out  into  the  air 
without  any  precooling  or  preheating.  The  discharge  pulse-repetition  rate  has  been 
typically  some  hundred  Hz.  The  gas  flow  transverse  to  the  optical  axis  has  been 
adjusted  so  that  the  gas  in  the  discharge  volume  has  been  renewed  approximately 
from  between  each  pulse  to  between  each  second  pulse.  The  discharge  characteristics 
and  laser  output  characteristics  for  various  gas  pulse-repetition  rates  and  gas  exchange 
rates  will  be  discussed  in  section  6.3.4. 

Preliminary  experiments  have  been  made  with  gas  circulation  in  a  closed  gas  system 
and  with  variation  of  the  temperature  of  the  gas  and  the  electrodes  between  8°  and 
30  C.  The  dosed  gas  system  was  intended  for  continuous  frequency  tuning  experi¬ 
ments  at  5  atm  pressure  with  a  gas  mixture  containing  ClJ02  and  C1JOj8.These 
experiments  have  not  yet  been  performed.  Results  from  the  preliminary  gas  recircu¬ 
lation  experiments  will  be  presented  and  discussed  in  section  6.3.5. 

Since  all  experiments  have  been  aimed  towards  development  of  a  continuously  tun¬ 
able  rf-exdted  COj  -laser,  the  results  describing  the  gas  discharge  characteristics  and 
laser  performance  are  not  at  all  complete. 
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6.1  Characteristics  of  rf-discharge  between  parallel  plate  electrodes 

Visually  the  discharge  appears  typically  as  shown  in  Figure  6.1.  Here  the  copper 
electrodes  are  covered  by  1  mm  thick  polished  alumina  ribbons.  The  discharge  volume 
is  55  mm  x  2  mm  x  1.5  mm  (the  discharge  gap).  The  gas  pressure  is  5  atm  and  the  gas 
mixing  ratio  of  C02:N2:He  is  5:5:90.  Input  rf-power  is  a  few  hundred  watts.  TTte 
picture  shows  several  superimposed  pulses. 
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Figure  6.1  Photograph  of  typical  rf-discharge  between  parallel  plate  electrodes 

Gas  pressure  is  5  atm.  The  electrodes  are  covered  with  1  mm  thick  polished  alumina' 
ribbons.  The  discharge  gap  is  1.5  mm. 


The  dark  space  regions  between  the  dielectric  "electrodes”  and  the  plasma  region  are 
clearly  seen  in  Figure  6.1.  The  widths  of  the  dark  space  regions  are  approximately 
0.13  mm  and  thus  they  occupy  approximately  15—20%  of  the  volume  between  the 
electrodes. 

Typical  electrical  characteristics  of  the  discharge  are  shown  in  Figure  6.2.  Cuves  A 
and  B  show  the  input  rf-power  and  the  rf-power  reflected  from  the  discharge,  respec¬ 
tively.  Curve  C  shows  the  voltage  across  the  electrodes.  The  electrodes,  the  discharge 
gap,  the  gas  pressure  and  gas  mixing  ratio  are  the  same  as  in  Figure  6.1.  The  input 
rf-power  is  1  kW  and  pulse  repetition  rate  is  1  kHz. 

Approximately  1.5  jus  after  the  beginning  of  the  rf-pulse  the  gas  has  been  ’’broken 
down”  to  a  homogenous  glow  discharge.  It  is  seen  from  curve  B  that  after  this  point 
perfect  input  power  coupling  is  achieved.  Less  than  1%  of  the  input  rf-power  is 
reflected  back  towards  the  power  source.  It  is  seen  from  curve  C  that  the  voltage 
amplitude  across  the  electrodes  at  gas  breakdown  is  approximately  7.5  kV.  Assuming 
that  the  conduction  current  in  the  discharge  is  very  small  at  that  point,  this  voltage 
amplitude  corresponds  to  an  electric  field  strength  amplitude  E0  =  44  kV/cm  or 
E0/N  =  S.S'IO16  Vcm2  in  the  gas. 
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Figure  6.2  Electrical  characteristics  of  the 
rf-discharge 

A  is  the  input  rf-power  (5  V/div)  and  B  is  the  rf- 
power  reflected  from  the  discharge  (2  V/div),  mea¬ 
sured  with  40  dB  directional  coupler  elements,  see 
Figures  2.1,  5.K  and  5.9.  C  is  the  voltage  across  the 
electrodes,  measured  with  a  l  ektronics  P601 5  1  000X 
high-voltage  probe  (5  V/div).  inpu>  power  is  approxi¬ 
mately  1  kW.  Gas  pressure  is  3  atm,  the  discharge  gap 
is  1.3  mm,  and  the  electrodes  are  covered  with  1  mm 
thick  polished  alumina-ribbons.  Gas  mixture  is 
5:5:  90  of  C02:  N2:  He. 


Figure  6.3  Picture  of  the  rf-discharge  with  a 
few  arcs 

Discharge  gap  is  1  mm  and  gas  pressure  is  5  atm 


It  is  also  seen  from  Figure  6.2  that 
after  about  5  /is  from  the  start  of 
the  input  power  pulse  there  is  an 
increase  in  the  power  reflected 
from  the  discharge  (curve  B).  Also, 
the  voltage  across  the  discharge 
drops  (curve  C)  and  the  input 
power  is  slightly  reduced  (curve  A). 
This  is  caused  by  an  increasing 
number  of  arcs  building  up  in  the 
discharge.  The  arcs  lower  the  impe¬ 
dance  of  the  discharge.  This  change 
in  discharge  impedance  causes 
impedance  mismatch  and  conse¬ 
quently  more  power  is  reflected 
from  the  discharge  back  to  the 
power  source. 

Visually  the  arcs  appear  like  narrow 
strings  flickering  around  the  whole 
electrode  length  and  extending  the 
full  gap  between  the  electrodes.  A 
few  arcs  arc  shown  in  Figure  6.3. 
When  the  power  reflected  from  the 
electrodes  increases  as  it  does  in 
Figure  6.2  at  the  end  of  the  pulse, 
the  number  of  arcs  is  much  larger 
than  shown  in  Figure  6.3.  It  looks 
like  small  arc  discharges  and  aglow 
discharge  can  exist  simultaneously 
in  the  rf  discharge.  This  cannot  be 
determined  from  Figure  6.3  since 
the  arcs  develop  primarily  at  the 
end  of  the  pulse  and  the  picture  in 
Figure  6.3  is  exposed  over  a  much 
longer  period  than  one  pulse  dura¬ 
tion.  It  is  observed  visually  that 
when  the  gas  pressure  and  input 
power  are  increased,  a  few  arcs 
seem  to  be  present  even  for  very 
short  duration  pulses.  From  the 
measurements  of  small  signal  gain 
and  laser  performance,  these  few 
small  arcs  do  not  seem  to  seriously 
affect  the  small  signal  gain  and  laser 
performance.  However,  when  a 
considerable  number  of  arcs  begin 


to  develop  so  that  the  discharge 
impedance  is  altered  like  at  the  end  of  the  pulse  shown  in  Figure  6-.2T  this  is  observed  to 
be  detrimental  to  the  pumping  of  the  upper  laser  level  and  the  laser  performance.  It  has 
thus  been  necessary  to  optimi/.e  the  gas  mixing  ratio  and  discharge  geometry  so  that  the 
time  from  gas  breakdown  until  a  considerable  number  of  arcs  begin  to  develop  is  as  long 
as  possible,  in  order  to  be  able  to  integrate  enough  power  to  reach  threshold  for  laser 
oscillation.  These  experiments  will  be  described  in  the  next  section. 
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6.2  Results  from  gas  discharge  experiments 

The  experiments  described  in  this  section  have  been  made  with  the  high-pressure 
discharge  chamber  described  in  section  5.2.  The  electrode  length  is  50— 60  mm  and 
the  electrode  width  2  mm. 

Stable  glow  discharges  could  be  obtained  up  to  at  least  5  atm  gas  pressure  with  only 
polished  copper  electrodes  without  any  dielectric  ribbons  on  them.  In  this  case  strik¬ 
ing  the  glow  discharge  was  more  difficult  and  the  rf-power  that  could  be  deposited  in 
the  discharge  before  arcing  was  much  less  compared  to  when  the  electrodes  were 
covered  with  dielectric  ribbons.  When  pure  metal  electrodes  were  used,  the  onset  of 
arcing  usually  terminated  the  glow  discharge  completely  and  all  die  subsequent  pulses 
were  arc  discharges.  Thus  in  the  following  only  gas  discharge  experiments  where 
dielectric  ’’electrodes”  have  been  used  will  be  described. 


6.2.1  Time  before  arcing  for  various  gas  mixing  ratios 

In  these  experiments  only  equal  portions  of  C02  and  N2  in  the  gas  mixtures  have 
been  used.  This  is  because  according  to  (49)  equal  portions  of  C02  and  N2  are  best 
for  maximum  small  signal  gain.  Equal  portions  of  C02  and  Nz  are  used  in  most 
high-pressure  C02  lasers  (8,  22,  27,  49—52).  The  most  common  C02:N2:He  mixing 
ratios  at  multiatmospheric  pressures  are  10:10:80  and  5:5:90.  The  time  from  gas 
breakdown  to  formation  of  considerable  amounts  of  arcs  depends  strongly  on  the 
content  of  C02  and  N2.  This  is  shown  in  Figure  6.4a  and  6.4b. 
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Figure  6.4  Time  from  start  of  input  rf  pulse  till  developement  of  large  number  of  arcs 
Development  of  arc*  is  taken  to  occur  when  there  is  an  increase  in  the  power  reflected 
from  the  discharge,  see  Figure  $.2. 

a)  Time  before  arcing  for  various  C02 :  N2 :  He  gas  mixing  ratios,  versus  input  rf- 
power.  Gas  pressure  is  5  atm.  The  gas  volume  is  50  mm  x  2  mm  x  1.5  mm  (the 
discharge  gap).  The  electrodes  ate  covered  with  0.5  mm  thick  polMted  sapphire- 
ribbons 

b)  Time  before  arcing  for  various  gas  mixing  ratios  versus  gas  pressure,  input  rf-power 
is  3  kW.  The  discharge  geometry  is  the  same  as  in  Figure  6.4a. 
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Figure  6.4a  shows  measurements  of  the  time  from  the  start  of  the  discharge  pulse  till 
these  is  a  significant  increase  in  the  power  reflected  from  the  discharge  because  of 
considerable  formation  of  arcs,  see  Figure  6.2.  The  gas  pressure  is  5  atm.  The  dis¬ 
charge  gap  is  1.5  mm  and  the  electrodes  are  covered  with  0.5  mm  thick  polished 
sapphire  ribbons.  The  gas  exchange  rate  is  approximately  250  Hz  and  the  pulse 
repetition  rate  approximately  400  Hz.  It  is  clearly  seen  that  the  time  before  arcing 
increases  with  decreasing  C03  and  N3  content.  In  a  discharge  with  pure  He  no  arcs 
were  observed  for  pulse  durations  longer  than  several  tens  of  microseconds. 

Figure  6.4b  shows  the  time  before  arcing  versus  gas  pressure  for  various  gas  mixing 
ratios.  The  discharge  geometry  is  the  same  as  in  Figure  6.4a.  The  input  rf-power  is 
3  kW.  The  input  power  density  is  comparable  to  what  has  been  used  in  the  laser.  It 
is  clearly  seen  how  the  time  before  arcing  decreases  with  increasing  gas  pressure.  The 
gain  decay  time  constant  is  approximately  30^‘atm,  see  sections  3.2.2  and  6.2.5. 
Thus  in  Figure  6.4b  only  the  glow  discharge  with  the  2 :2 :96  gas  mixing  ratio  lasts 
longer  than  the  gain  decay  time  constant. 

6.2.2  Time  before  arcing  for  various  discharge  geometries 

It  was  shown  in  Figure  3.16  that  the  glow  discharge  should  last  at  least  2—3  times 
the  gain  decay  time  constant  in  order  to  minimize  the  rf-power  required  to  reaJt  die 
threshold  for  laser  oscillation.  This  is  not  the  case  for  any  of  the  gas  mixtures  in  the 
measurements  illustrated  in  Figure  6.4a  and  6.4b  for  the  relevant  input  power  densi¬ 
ties.  Longer  duration  glow  discharge  could  be  obtained  by  using  even  less  C03  and 
N2  than  in  the  2: 2: 96  mixture.  However,  laser  experiments  indicated  that  the  small 
signal  gain  in  a  1: 1:98  mixture  was  significantly  lower  than  in  the  2:2:96  mixture 
for  relevant  pump  power  densities.  Experiments  were  therefore  made  with  various 
discharge  geometries  in  order  to  maximize  the  glow  discharge  duration  for  the  2 :2 :96 
gas  mixture. 

It  was  expected  that  a  dielectric  material  on  the  electrodes  with  high  thermal  con¬ 
ductivity  and  low  electric  capacity  for  large  ballasting  would  be  the  best  for  long 
duration  glow  discharge,  see  section  3.6.  Large  electric  ballasting  would  be  provided 
by  a  thick  dielectric  ribbon  with  low  dielectric  constant.  Experiments  have  been 
made  with  0.5  mm  thick  polished  sapphire,  1  mm  thick  polished  alumina  and  1  mm 
thick  cover  glass  on  the  electrodes.  The  thermal  and  dielectric  properties  of  sapphire 
and  alumina  were  shown  in  Table  5.1.  Measurements  of  glow  discharge  durations  at 
10  atm  gas  pressures  with  these  various  dielectrics  on  the  electrodes  are  shown  in 
Figure  6.5.  The  gas  mixing  ratio  is  2:  2: 96  of  C03  :  N3  :  He.  The  gas  exchange  rate  is 
approximately  equal  to  or  faster  than  the  250—400  Hz  pulse  repetition  rate  for  all 
but  one  of  the  measurement  series,  which  is  indicated  in  Figure  6.5.  The  discharge 
gap  is  1.2  mm  or  1.5  mm.  The  results  are  riiov/n  versus  input  power  density.  The 
glow  discharge  duration  before  arcing  was  approximately  constant  for  fixed  input 
power  density  and  dielectric  material  when  the  discharge  gap  d  was  varied  from 
1  mm  to  1 .5  mm. 

It  is  clearly  seen  that  the  longest  glow-discharge  duration  before  arcing  is  obtained 
with  the  1  mm  thick  alumina  ribbons  on  the  electrodes.  A  comparison  between  the 
experiments  with  1  mm  alumina  and  0.5  mm  sapphire  shows  the  main  effect  of 
increasing  the  thickness  of  the  dielectric,  since  the  dielectric  and  thermal  properties 
of  these  materials  are  close,  see  Table  5.1.  The  largest  discharge  ballasting  is  obtained 
with  the  1  mm  thick  cover-glass  ribbon,  since  this  has  the  smallest  dielectric  con¬ 
stant.  However,  the  thermal  conductivity  of  glass  is  much  poorer  than  for  A13Oj.  (It 
should  also  be  noted  that  glass  has  larger  dielectric  losses  than  A1303).  From  Figure 
6.5  can  also  be  seen  the  effect  of  various  gas  exchange  rates  relative  to  the  pulse 
repetition  rate.  The  "bottom”  curve  with  0.5  mm  thick  sapphire  plates  is  taken  with 
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gas  exchange  rate  approximately  half  of  the  pulse  repetition  rate.  In  the  other  curve 
with  0.5  mm  thick  sapphire  the  gas  flow  rate  is  significantly  higher  than  the  pulae 
repetition  rate.  In  this  latter  case  the  glow-discharge  duration  is  significantly  longer. 
This  will  be  commented  on  further  in  section  6.3.4. 
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Figure  6.5  Time  from  start  of  input  rf-pulse  till  developement  of  large  number  of  arcs, 
for  various  dielectric  ribbons  on  the  electrodes 

Gas  pressure  is  10  atm.  C02 :  N2  :  He  gas  mixing  ratio  is  2:  2: 96.  The  gas  exchange  rate 
is  faster  than  the  pulse  repetition  rate  for  all  measurement  series  except  for  the  one 
indicated. 


It  would  have  been  of  interest  to  try  other  dielectric  materials  at  several  thicknesses 
to  maximize  the  glow  discharge  duration.  Especially  is  it  expected  that  BeO  would  be 
superior  to  all  the  materials  described  above  because  it  has  much  higher  thermal 
conductivity  and  a  lower  dielectric  constant  than  A1203,  see  Table  5.1.  Boron  nitride 
should  also  be  a  good  material  (Table  5.1). 


Figure  6.6  Constricted  glow-discharge 
Gas  pressure  is  5  atm  and  discharge  gap  is  1.5  mm 


Glow-discharge  experiments  have  been 
performed  with  discharge  gaps  be¬ 
tween  0.5  mm  and  2  mm.  Measure¬ 
ments  of  the  glow  discharge  duration 
have  been  made  with  discharge  gaps 
between  0.9  mm  and  1.5  mm.  In  these 
experiments  -no  significant  difference 
in  the  glow  discharge  duration  for 
fixed  input  power  density  (kW/cm3) 
has  been  observed.  When  the  discharge 
gap  was  larger  than  1.5  mm,  when  the 
gas  exchange  rate  was  considerably 
slower  than  the  pulse  repetition  rate 
and  for  high  input  power  levels,  the 
discharge  tended  to  be  confined  to  a 
narrow  glow  discharge  extending  the 


full  gap  between  the  electrode,  that  is,  with  no  dark  space  region.  Such  a  discharge  is 
shown  in  Figure  6.6.  This  discharge  is  no  arc  discharge,  the  voltage-  current  characte¬ 
ristic  is  that  of  a  glow  discharge.  No  optical  gain  measurements  or  laser  experiments 
have  been  performed  with  such  a  discharge. 
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6.2.3  Electrical  characteristics  of  the  discharge 

It  was  shown  in  Figure  6.2  that  at  the  start  of  the  discharge  pulse  the  voltage  across 
the  electrodes  rises  to  a  certain  level  and  then  drops  to  a  constant  lower  value.  Before 
the  voltage  has  reached  its  maximum  value  a  large  fraction  of  the  rf-power  incident 
on  the  electrodes  is  reflected.  When  the  voltage  has  stabilized,  a  steady  state  situation 
is  obtained  where  perfect  input  coupling  efficiency  is  obtained.  Gas  breakdown,  that 
is,  when  the  charge  density  in  the  gas  drastically  increases  from  approximately  zero,  is 
assumed  to  occur  at  the  point  where  the  voltage  across  the  electrodes  is  at  its 
maximum  value  in  Figure  6.2. 


The  electric  field  strength  in  the  gas  at  gas  breakdown  can  be  calculated  from  the 
measurement  of  the  breakdown  voltage  under  the  assumption  that  the  plasma  con¬ 
ductivity  still  is  very  low  at  this  point.  In  Figure  6.7  are  shown  E0/N  ratios  at  gas 

breakdown  from  measurements  of 
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Figure  6.7  E0/N  ratio  (electric  field  strength 
amplitude/neutral  particle  den¬ 
sity)  at  gas  breakdown  versus 
content  of  C02  in  the  gas  mix¬ 
ture 


the  breakdown  voltage  for  various 
gas  mixing  ratios.  E0  is  the  electric 
field  strength  amplitude,  and  N  is  the 
neutral  particle  density.  In  all  these 
measurements  the  gas  exchange  rate 
has  been  lower  than  the  400  Hz 
pulse  repetition  rate.  In  a  few  cases 
the  gas  exchange  rate  was  increased 
to  above  the  pulse  repetition  rate 
without  any  significant  increase  in 
the  breakdown  voltage  taking  place. 
The  bars  indicate  variations  in  the 
measured  voltage  at  5  atm  and 
10  atm  gas  pressure  for  various  input 
power  levels,  pulse  repetition  rates 
and  discharge  gaps  between  1 .0  mm 
and  1.5  mm.  For  the  10: 10:  80  gas 
mixing  ratio  only  one  measurement 
has  been  made  at  5  atm. 

It  is  clearly  seen  from  Figure  6.7  that 
the  E0/N  at  gas  breakdown  depends 
strongly  on  the  gas  mixing  ratio.  No 
attempts  have  been  made  in  this 
work  to  calculate  ionization  and 
electron  loss  coefficients  from  the 
measured  E0/N  ratios  at  gas  break¬ 
down. 


The  gas  mixtures  of  COa:Nj:He  contain  equal  por¬ 
tions  of  CO]  and  N2,  and  the  rest  it  He.  The 
bars  indicate  variations  in  the  measured  E0/N  at 
5  atm  and  1 0  atm  gas  pressure  for  various  input 
power  levels,  pulse  repetition  rates,  and  discharge 
gaps  between  1.0  mm  and  1.5  mm. 


In  Figure  6.8  is  shown  the  E0/N  for 
various  discharge  gaps.  The  gas  mix¬ 
ing  ratio  of  COj :  Na :  He  is  2:  2: 96. 
The  electrodes  are  covered  with 
0.5  mm  sapphire  or  1  mm  alumina. 
The  gas  exchange  rate  is  faster  than 
the  pulse  repetition  rate. 


k 


I 

tt 

< 

i 

a 


It  is  seen  from  Figure  6.8  that  for 
discharge  gaps  d  =  1.5  mm  and 
d  *  1.2  mm  die  E0/N  at  breakdown 
are  approximately  equal.  At 
d  *  0.9  mm  the  E0/N  is  larger,  espe¬ 
cially  at  5  atm  gas  pressure.  Accord¬ 
ing  to  equation  (3.5)  the  electron 
displacement  peak-to-peak  is  0.8  mm 
for  E0/N  *  4  *  10*16  Vcm1  assuming 
1.75‘1011  s'*  atm-1 .  Thus  the 
increase  in  E0/N  for  gas  breakdown 
at  d  *  0.9  mm  can  possibly  be  ex¬ 
plained  by  the  discharge  gap  becom¬ 
ing  close  to  the  electron  displace¬ 
ment. 

In  Figure  6.9  is  shown  the  voltage 
amplitude  across  the  electrodes  after 
gas  breakdown,  when  the  voltage 
amplitude  has  stabilized.  The  voltage 
is  shown  versus  input  rf -power  at 
5  atm  and  10  atm  gas  pressures  for 
various  gas  mixing  ratios.  The  dis¬ 
charge  gap  is  1.5  mm  and  the  elec¬ 
trodes  are  covered  with  0.5  mm  sapphire  ribbons.  The  gas  exchange  rate  is  dower 
than  the  400  Hz  pulse  repetition  rate. 


Figure  6.8  E0/N  ratio  (electric  field  strength 
amplitude /neutral  particle  den¬ 
sity)  at  gas  breakdown  for  va¬ 
rious  discharge  gaps 

The  gas  pressure  is  5  atm  (upper  points)  and  10  atm 
(lower  points),  and  the  gas  ratio  is  2: 2: 96  of 

COj:Na:He. 


Figure  6.9  Voltage  amplitude  across  the  electrodes  when  the  discharge  has  stabilized 
Values  are  diown  tot  various  COj :  N-j :  He  gas  mixing  ratios.  Discharge  volume  is 
50  mm  *  2  mm  x  1  mm  (discharge  gap),  and  the  electrodes  are  covered  with  0.5  mm 
polished  sapphire -ribbons. 

a)  gas  pressure  is  5  atm 

b)  gas  pressure  is  10  atm 


It  is  seen  that  the  steady  state  voltage  depends  on  the  gas  mixing  ratio  in  approxi¬ 
mately  the  same  manner  as  the  breakdown  voltage  does,  see  Figure  6.7.  It  is  also  seen 
that  the  voltage  does  not  vary  much  with  the  input  power  level.  This  indicates  that 
the  resistance  of  the  plasma  is  larger  than  the  capacitive  impedance  in  series  with  the 
discharge,  see  Figure  3.13. 
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The  E/N  ratio  in  the  glow  dischaige  cannot  be  determined  as  straightforwardly  as  at 
gas  breakdown.  The  voltage  across  the  electrodes  depends  on  the  input  rf-power,  the 
resistance  of  the  plasma  and  the  capacities  of  the  plasma  region.the  dark  space  region 
and  the  dielectric,  see  Figure  3.13  or  5.3.  In  the  experiments  performed  with  the 
high-pressure  dischaige  chamber  the  reactive  impedance  XR  in  parallel  with  the  plas¬ 
ma  resistance  R  is  approximately  4  k£2  for  a  1  mm  thick  plasma  region.  The  reactive 
impedances  of  the  dielectric  and  the  dark  space  regions  are  approximately 
200—400  12,  assuming  0.5  —  1  mm  thick  dielectrics  of  A1203  and  0.1  mm  thick  dark 
space  regions.  From  measurements  of  the  voltage  across  the  electrodes,  the  plasma 
resistance  R  and  the  voltage  across  the  plasma  region  can  be  calculated  by  using  O': 
electric  equivalent  circuit  diagram  shown  in  Figure  3.13  or  5.3  when  the  reactive 
impedances  are  known.  The  equation  is  of  second  power  in  R.  Since  R  in  general 
decreases  with  increasing  input  rf-power,  one  of  the  two  solutions  can  be  excluded. 

R  and  E/N  in  the  glow  discharge  have  been  derived  from  measurements  of  the  voltage 
across  the  electrodes  and  the  power  dissipated  in  the  discharge  at  10  atm  gas  pressure 
for  a  discharge  volume  5  cmx2  mm*  1.2  mm  (dischaige  gap).  The  electrodes  were 
covered  with  0.5  mm  thick  sapphire  ribbons  and  the  gas  mixing  ratio  of  C02 :  N2 :  He 
was  2:2:96.  At  2  kW  input  power  R  was  found  to  be  3.5  —  4  k£2.  According  to 
equation  (3.13)  this  corresponds  to  an  electron  density  n  1.7*1012  cm'2.  R  was 
found  to  be  approximately  inversely  proportional  to  the  input  rf-power,  which  was 
varied  from  about  2  kW  to  7  kW.  The  Ermj  /N  ratio,  where  E^,  is  the  root-mean- 
square  electric  field  strength  in  the  plasma  region,  was  found  to  be  1.0  —  1.2  *  10'16 
Vcm2  for  2—7  kW  input  rf  power.  In  a  measurement  with  the  10: 10:  80  gas  mixing 
ratio  at  5  atm  and  with  a  discharge  gap  of  1.5  mm,  the  resistance  R  was  found  to  be 
approximately  5  k£2  for  3  kW  input  power.  The  En^/N  ratio  was  found  to  be 
approximately  2.5*10‘16  Vcm2. 

In  (67)  is  measured  the  E/N  in  a  pulsed  dc-exdted  self-sustained  glow  dischaige  for  a 
10:10:80  gas  mixture  of  COa:N2:He  at  7— 13  atm  to  be  2.5*  1 0'1 4  Vcm2.  Below 
1200  torr  E/N  *  2.7*10' 16  Vcm2  has  been  measured  (68,  137).  These  values  are  close 
to  the  Erjns/N  that  has  been  measured  in  this  work  for  the  same  gas  mixture  at 
5  atm.  It  is  thus  reasonable  to  assume  that  the  dominating  electron  loss  mechanism  in 
the  rf-dischaige  described  above  is  attachment  loss,  as  in  (67, 68,  137)  for  this  gas 
mixing  ratio.  This  was  also  expected,  see  section  3.4.  According  to  (54)  the  E/N  ratio 
for  most  efficient  pumping  of  the  upper  laser  level  in  C02  is  1.2*10* 16  Vcm2  for  a 
C02:N2:He  gas  mixing  ratio  of  10: 10:80.  It  seems  reasonable  to  assume  that  the 
E/N  for  efficient  pumping  of  the  upper  laser  level  is  lower  but  close  to  this  value  for 
the  2: 2: 96  gas  mixing  ratio,  see  (54)  and  section  3.3.  Thus,  from  the  measurement 
and  derivations  described  above  one  should  be  able  to  draw  the  conclusion  that  the 
rmt- value  of  the  E/N  ratio  in  the  rf  glow  discharge  is  close  to  what  is  good  for 
efficient  pumping  of  a  C02  laser.  This  is  also  indicated  by  the  gain  measurements  and 
laser  performance  measurements  described  in  the  following  sections. 


In  this  report  the  electric  field  strength  in  the  glow  discharge  has  not  been  derived  for 
the  various  discharge  geometries,  gas  mixing  ratios,  gas  pressures  and  input  power 
levels,  for  one  thing  because  the  width  of  the  dark  space  regions  has  not  been 
measured  under  the  various  conditions.  It  is  expected  that  several  parameters  concern¬ 
ing  the  electron  production  and  loss  rates  could  be  determined  from  such  measure¬ 
ments  of  the  E/N  ratio  in  the  discharge,  see  section  3.4. 
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6.2.4  Gain  measurements 


The  gain  was  measured  with  a  200  mW  cw  C02  probe  laser  oscillating  on  the  R(18) 
line  at  10.28  jam.  Figure  6.10  shows  the  amplified  probe  laser  beam  after  propagation 

through  the  discharge  at  5  atm  gas 
pressure.  The  discharge  gap  is  1.5  mm 
and  the  C02 :  N2  :  He  gas  mixing 
ratio  is  5:5:90.  Input  rf  power  is 
I  kW  in  4  ps. 

As  was  pointed  out  in  section  5.7.2 
the  detector  response  has  not  been 
determined  precisely  at  the  fre¬ 
quency  relevant  for  the  gain  mea¬ 
surements.  Assuming  the  response  of 
the  detector  in  the  gain  measure¬ 
ments  is  equal  to  the  response  at 
several  MHz,  the  peak  small  signal 
gain  in  the  measurement  shown  in 
Figure  6.10  is  2.8%/cm.  Figure  6.10 
is  representative  for  all  the  gain  mea¬ 
surements  performed  at  5  atm  with 
the  5:5:90  gas  mixture.  According 
to  predictions  of  the  small  signal  gain 
pr  input  rf-power  density  made  in 
section  3.7,  the  peak  small  signal 
gain  in  the  experiment  described 
above  should  be  2.15%.  AIT  the  input 
rf-power  is  then  considered  to  be 
deposited  in  the  plasma  region  oc¬ 
cupying  85%  of  the  volume  between 
the  electrodes,  see  Figure  6.1.  The 
gain  decay  time-constant  was  taken 
peak  gain  is  30%  larger  than  expected. 


B) 


Figure  6.10  Measurement  of  small-signal  gain 
A)  Input  and  reflected  rf-pulses  from  ~  40  dB  direc¬ 
tional  couplers  (2  V'/div) 

Amplified  probe-laser  beam  (R(18)  10.4  pm 

band).  (50  pV/div).  Input  rf-power  is  approxi¬ 
mately  1  kW,  and  peak  small  signal  gain  is 
1.0- 1.5  %/cm  (see  text).  Discharge  volume  is 
55  mm  x  2  mm  x  1.5  mm.  Gas  mixture  is 
5:5:90  of  C02  :  N2  :  He. 


to  be  30  ps  atm,  see  below.  Thus  the  measured 


As  was  pointed  out  in  section  5.7.2,  the  gain  measurements  have  several  possible  enror 
sources.  In  the  experiments  described  above  control  measurements  were  made  with  a 
gas  containing  only  He.  When  the  probe-beam  and  the  detector  were  well  aligned,  no 
variation  in  the  probe-beam  signal  during  the  discharge  was  observed. 


The  peak  small  signal  gain  pr  input  rf-power  density  will  be  discussed  further  in 
section  6.3.3  in  connection  with  measurements  of  input  power  threshold  for  laser 
oscillation. 


Figure  6.10  also  shows  the  gain  decay  after  the  rf-power  has  been  turned  off.  The 
time  for  the  gain  to  have  decayed  to  e'1  times  the  maximum  value  has  been  measured 
between  1  and  5  atm  for  the  5:5:90  gas  mixing  ratio  to  be  30psatm,  inversely 
proportional  to  the  gas  pressure.  According  to  equation  (3.1)  and  the  discussion  in 
section  3.2.2  the  gain  decay  time-constant  was  expected  to  be  31.4  ps  atm.  This 
corresponds  very  well  with  the  measured  values. 


6.3  Laser  output  characteristics 


6.3.1  Typical  pulse  shape  characteristics  and  pulse-to-pulse  stability 

Figure  6.11  show  typical  laser  output  pulses  at  5  atm  and  10  atm  gas  pressure.  The 
gas  mixing  ratio  of  C02  :  N2:He  is  2:  2:  96.  Each  pulse  has  the  form  of  a  gain-switched 

spike  approximately  300  ns  long, 
followed  by  a  tail  at  lower  power.  At 

I-  — —  — — .  5  atm  gas  pressure  relaxation  oscilla- 

10«tm  _  tions  following  the  gain-switched 

spike  can  be  clearly  seen.  At  5  atm 
the  tail  has  an  approximately  cons¬ 
tant  power  level  till  the  input  power 
pulse  is  turned  off.  For  input-power 
pulse  lengths  longer  than  shown  in 
Figure  6.11  the  output  pulse  would 
eventually  self-terminate.  At  1  atm 
gas  pressure,  pulse  tails  longer  than 
80  ps  have  been  measured.  At 
1 0  atm  the  relaxation  oscillations  are 
not  observed  and  the  pulse  tail  is 
much  shorter  than  at  5  atm. 
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ire  6.1 1  Typical  laser  output  pulses  at 
10  atm  (above)  and  5  atm  gas 
pressure  (below) 

pictures  show  superpositions  of  5  —  10  pulses. 


In  Figure  2.3  was  shown  laser  output 
pulses  at  10  atm  for  a  gas  mixing 
ratio  of  T:Tr98;  arrd  2-kW  -input.rf 
power.  Here  the  pulse  tail  is  longer 
than  at  10  atm  in  Figure  6.11.  In 
genera]  it  was  observed  that  the 
higher  the  gas  flow  the  longer  dura¬ 
tion  would  the  pulse  tail  have.  No 
systematic  experiments  have  been 
performed  in  order  to  measure  pulse 
shapes  for  various  gas  mixing  ratios 
and  gas  flow  rates. 

Figures  2.3  and  6.11  show  super¬ 
positions  of  approximately  10—20 
consecutive  laser  output  pulses.  The 
oscilloscope  sweep  trace  is  triggered 
by  the  input  rf  pulse.  The  pictures 
illustrate  typical  pulse-to-pulse  stabi¬ 
lities. 


Figure  6.12  shows  17  superposed  laser  output  pulses  at  10  atm  gas  pressure.  The  gas 
mixing  ratio  is  2:2:96,  the  pulse  repetition  rate  250  Hz,  the  input  rf-power  ~7  kW 
and  the  discharge  gap  1.2  mm.  The  laser  resonator  consists  of  a  grating,  an  etalon,  an 
extra  mirror  and  a  0.5%  transmission  output  coupler.  The  wavenumber  of  the  laser 
radiation  is  971.3  cm'1,  which  is  between  the  R(  1 2)  and  R(14)  line  at  10.2  pm.  The 
oscilloscope  trace  is  triggered  by  the  laser  pulse.  The  full  width  at  half  maximum  of 
the  peak  pulse  shape  is  seen  to  be  300  ns.  In  Figure  6.12  the  laser  resonator  has  been 
carefully  adjusted  and  the  pulse  repetition  rate  relative  to  the  gas  exchange  rate  has 
been  optimized  for  maximum  pulse-to-pulse  stability.  This  will  be  commented  later. 
Figure  6.12  represents  the  best  pulse-to-pulse  stabilities  which  have  been  obtained  at 
10  atm  with  a  tunable  resonator  in  these  experiments.  It  should  be  noted  that  some 
of  the  output  pulse-to-pulse  variations  seen  in  Figures  6.11  and  6.12  are  caused  by 
variations  in  the  input  rf-power  level. 
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Figure  6.12  Superposition  of  ~~  17  laser-output  pulses  at  10  atm  gas  pressure 


6.3.2  Peak  output  power 

In  Figure  6.13  is  shown  the  peak  laser  output  power  versus  input  rf-power  for  5  atm 
and  10  atm  gas  pressures.  Also  shown  is  the  time  delay  from  the  start  of  the  input 

rf-pulse  till  the  laser  output  pulse. 
The  laser  output  mirror  is  a  plane 
dielectric  coated  Ge  mirror  with  2% 
transmission.  It  is  mounted  as  close 
to  the  waveguide  as  possible.  The 
other  laser  mirror  is  a  dielectric 
coated  ZnSe  mirror  with  0.75  m  ra¬ 
dius  of  curvature  and  it  is  mounted 
approximately  2  mm  from  the  other 
end  of  the  waveguide.  The  pulse 
repetition  rate  is  200  Hz.  The  gas 
exchange  rate  is  approximately  equal 
to  the  pulse  repetition  rate.  The  dis¬ 
charge  gap  is  1.5  mm  and  1.2  mm  at 
5  atm  and  10  atm  respectively.  The 
frequency  of  the  laser  output  has  not 
been  determined. 

whit  nr  rowcn  |wl 

,  At  10  atm  for  6.2  kW  input  power  is 

Figure  6.13  Peak  laser-output  power,  and  also  shown  the  peak  output  power 

time  between  gas-breakdown  and  when  the  pulse  repetition  rate  and 

start  laser-pulse,  versus  input  the  gas  exchange  rate  have  been  in- 

rf-power  at  5  atm  and  10  atm  gas  creased  to  500  Hz.  It  is  clearly  seen 

pressures  that  the  peak  output  power  is  higher 

Discharge  gap  is  1.2  mm  at  10  atm  and  l.5mm  at  in  this  case.  When  the  measurement 
5  atm.  Output-coupler  transmission  is  ~  2  %.The  gas  series  shown  in  Figure  6.13  were  pcr- 

mixmg  ratio  of  0O2 :  N'2 :  He  is  2:  2:  96.  formed,  the  rf-power  source  did  not 

give  out  more  than  about  6.5  kW 
peak  rf-power.  Both  at  5  atm  and 
10  atm  the  laser  has  given  about  1.5  kW  peak  output  for  approximately  7.5  kW  peak 
input  rf-power.  These  values  are  incorporated  in  Figure  6.13.  At  10  atm  gas  pressure  a 
laser  efficiency  (laser  output  energy/input  rf-encigy)  of  approximately  2%  has  been 
measured  for  a  300  ns  duration  pulse.  No  experiments  have  been  perfoimed  in  order 
to  maximize  the  laser  efficiency. 


80 


6.3.5  Estimate  of  small  signal  gain 

In  section  3.7  an  estimate  was  made  of  the  rf-power  required  for  pumping  a  conti¬ 
nuously  tunable  rf-exdted  C02  laser.  The  estimate  was  based  on  the  assumption  that 
input  energy  densities  of  12.5  J/l  atm,  lOJ/latm  and  7J/latm  would  give  a  peak 
small-signal  gain  of  0.5%/cm  at  1  atm,  5  atm  and  10  atm  gas,  respectively.  Corrections 
were  made  for  the  duration  of  the  pump  pulse  relative  to  the  gain  decay  time-cons¬ 
tant,  which  was  taken  to  be  30  /is  atm. 

It  will  be  seen  from  Figure  6.13  that  the  input  rf-power  threshold  for  laser  oscillation 
is  approximately  2  kW  at  10  atm  gas  pressure.  According  to  the  estimates  of  the  gain 
per  input  rf-power  made  in  section  3.7,  and  assuming  the  gain  is  a  linear  function  of 
the  input  energy  density,  the  round  trip  gain  in  the  resonator  for  the  2.5  kW  input 
power  measurement  shown  in  Figure  6.13  would  be  ~4— 4.5%  when  the  laser  starts  to 
oscillate.  The  decay  time  constant  is  taken  to  be  3—3.5  /is.  (The  gas  mixing  ratio  is 
not  the  same  as  in  the  gain  measurements  described  in  the  previous  section.  Accord¬ 
ing  to  equation  (3.1)  and  the  discussion  in  section  3.2.2,  the  gain  decay  time-constant 
would  be  36  /is  atm  for  the  2:2:96  gas  mixture  ratio.)  All  the  input  rf-power  is 
considered  to  be  deposited  in  the  plasma  region  occupying  ~85%  of  the  volume 
between  the  electrodes,  see  Figure  6.1.  The  resonator  round-trip  loss  due  to  the 
transmission  in  the  laser  mirrors  is  2.5%. 

In  another  experiment  at  10  atm  gas  pressure  a  gold-coated  grating  was  used  as  an 
end  reflector  in  the  laser  resonator.  The  losses  at  the  grating  were  estimated  to  be 
6—7%  due  to  estimated  ~1%  coupling  loss  and  according  to  the  value  for  grating 
efficiency  given  by  the  grating  manufacturer  (107).  The  output  coupling  of  the  dielec¬ 
tric  output  mirror  was  ~0.5%.  According  to  the  estimated  gain  per  pump  energy 
density  described  above,  the  gain  would  be  11—12%  when  the  laser  started  to  oscil¬ 
late  and  was  well  above  threshold.  (The  laser  oscillated  on  the  R(16)  line  at  10.4  pm.) 

The  build-up  time  from  one  photon  in  the  resonator  mode  till  the  laser  output  pulse 
is  of  the  order  of  microseconds  when  the  net  resonator  round-trip  gain  is  only  a  few 
per  cent.  Because  of  the  arcs  which  inevitably  build  up  at  the  end  of  the  discharge 
pulses,  more  accurate  measurements  of  the  threshold  for  laser  oscillation  than  de¬ 
scribed  above  have  not  been  made. 

In  section  6.2  was  described  measurement  of  small-signal  gain  which  was  30%  higher 
than  was  expected  according  to  the  estimated  gain  per  pump  energy  density.  In  those 
experiments  the  gas  mixing  ratio  of  C02  :  N3 :  He  was  5:  5:  90.  It  has  been  observed  in 
this  work  that  the  small  signal  gain  is  less  for  a  gas  mixing  ratio  of  1: 1: 98  compared 
to  that  for  the  2:  2:96  mixing  ratio.  As  was  discussed  in  section  6.2,  the  E/N  ratio  in 
the  discharge  varies  with  the  gas  mixture.  It  is  therefore  reasonable  to  believe  that  the 
pumping  efficiency  also  varies  with  the  gas  mixing  ratio,  see  section  3.4. 

We  summarize  this  discussion  about  the  small  signal  gain  per  rf  pump-energy  density 
with  the  conclusion  that  the  estimate  made  in  section  3.7  is  reasonably  accurate  for 
gas  mixing  ratios  between  2:  2:96  and  5:  5:  90.  More  experiments  are  needed  in  order 
to  determine  the  peak  small  signal  gain  for  the  various  gas  mixing  ratios  and  gas 
pressures  more  precisely.  It  should  also  be  noted  that  the  gain  between  line-centre 
frequencies  has  not  been  considered  in  this  report,  and  this  gain  is  of  particular 
importance  for  a  continuously  tunable  laser. 
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6.3.4  Laser  output  and  discharge  characteristici  versus  gas  flow  and  pulse  repetition 
rate 

It  has  been  observed  that  the  laser  performance  and  some  gas  discharge  characteristics  to 
some  extent  depended  on  whether  the  gas  was  removed  from  the  discharge  volume 
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Figure  6.14  Gas-discharge  characteristics  and 
laser  performance  characteristics 
versus  ratio  of  gas  exchange  rate 
to  gas  flow  rate 


faster  or  slower  than  the  discharge 
pulse  repetition  rate.  The  main 
observations  are  shown  in  Figure 
6.14,  which  also  indicates  within 
which  domain  die  pulse  repetition 
rate  has  been  varied. 

Visually  the  glow  discharge  appeared 
to  be  most  stable  and  ’’nice”  when 
the  pulse  repetition  rate  was  faster 
than  the  gas  exchange  rate.  The 
higher  the  pulse  repetition  rate  the 
more  stable  and  ’’nice”  the  discharge 
seemed  to  be.  This  observation  can 
be  attributed  to  electrons  and  ions 
and  possibly  atoms  and  molecules  in 
excited  metastable  states  being  pre¬ 
sent  in  the  gas  from  the  preceding 
pulse.  This  was  discussed  in  section 
5.6.2.  A  similar  observation  has  been 
made  by  Smith  etal  (129).  On  the 
other  hand,  the  duration  of  the  glow 
discharge  before  arcing  was  slightly 
shorter  than  when  the  pulse  repe¬ 
tition  rate  was  lower  than  the  gas 
exchange  rate.  This  was  shown  in 
Figure  6.5. 


When  the  pulse  repetition  rate  was  lower  than  the  gas  exchange  rate,  the  time  from 
the  start  of  the  input  power  pulse  to  gas  breakdown  could  vary  slightly  from  pulse  to 
pulse.  This  was  especially  pronounced  when  the  input  power  was  close  to  threshold 
for  sustaining  a  glow  discharge.  This  observation  seems  reasonable  from  the  fact  that 
the  gas  breakdown  is  of  a  statistical  nature  and  starts  from  some  electrons  and  ions 
which  are  always  present  in  the  gas,  for  one  thing  because  of  cosmic  radiation 
(71-75). 


Initial  laser  performance  experiments  were  made  at  1  —  1.5  atm  gas  pressure  with 
copper  electrodes  without  any  dielectricum  on  them.  Input  rf-power  levels  up  to 
1  kW  were  used.  In  these  experiments  the  optimum  flow  rate  for  maximum  laser 
output  power  was  approximately  half  the  pulse  repetition  rate,  that  is,  the  gas  was 
renewed  approximately  between  each  second  pulse.  Thus  it  looked  as  though  the 
preionization  from  the  preceding  pulse  was  important  for  the  laser  performance  under 
these  conditions.  As  has  been  pointed  out  previously,  striking  of  the  discharge  in 
general  was  more  difficult  when  pure  copper  electrodes  were  used,  compared  to  when 
these  were  covered  by  a  dielectricum. 


In  the  multiatroospheric  pressure  laser  only  electrodes  covered  with  sapphire  ribbons 
have  been  used.  In  these  experiments  the  optimum  gas  exchange  rate  for  maximum 
output  power  was  close  to  the  pulse  repetition  rate.  At  10  atm  gas  pressure  it  was 
observed  that  under  certain  circumstances  the  output  power  depended  critically  on 
the  ratio  between  the  pulse  repetition  rate  and  gas  exchange  rate.  The  output  power 
could  be  zero  both  for  pulse  repetition  rates  higher  than  approximately  10—20% 
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above  the  gas  exchange  rate  and  for  pulse  repetition  rates  lower  than  10—20%  below 
the  gas  exchange'  rate.  When  these  r^tes  were  approximately  equal,  the  output  power 
could  be  relatively  high.  This  behaviour  was  not  expected  because  visually  and  electri¬ 
cally  the  discharge  did  not  look  very  different  under  these  conditions.  This  obser¬ 
vation  has  not  been  given  a  satisfactory  explanation.  It  probably  has  something  to  do 
with  the  homogenity  of  the  laser  active  medium,  preionizadon  from  the  preceding 
discharge  pulse  or  discharge  lensing  effects.  It  was  observed  that  the  behaviour  de¬ 
scribed  above  was  pronounced  when  the  curvature  of  the  laser  resonator  mirrors  did 
not  properly  match  the  resonator  ’’mode”  defined  by  the  waveguide  and  the  dis¬ 
charge  region,  and  when  the  resonator  losses  were  relatively  high.  High  resonator 
losses  could  be  caused  both  by  the  above-described  mirror  curvature  mismatch,  one  or 
mote  dispersive  elements  in  the  resonator,  and  high  output  power  coupling.  When  the 
laser  resonator  was  well  designed,  was  carefully  aligned  and  had  low  losses,  the  laser 
would  oscillate  for  pulse  repetition  rates  much  lower  than  the  gas  exchange  rate  with 
approximately  constant  output  power,  independent  of  the  pulse  repetition  rate.  The 
laser  would  also  oscillate  for  pulse  repetition  rates  higher  than  the  gas  exchange  rate 
with  output  power  decreasing  with  increasing  pulse  repetition  rate.  Under  all  circum¬ 
stances  the  laser  output  power  was  highest  when,  according  to  our  calibrations,  the 
pulse  repetition  rate  was  approximately  equal  to,  but  slightly  below,  the  gas  exchange 
rate. 

As  has  been  mentioned  previously,  it  was  observed  that  the  higher  the  gas  flow  rate 
and  pulse  repetition  rate  the  higher  was  the  output  power,  the  more  stable  were  the 
output  pulses  and  the  longer  duration  had  the  pulse  tails.  Below  5  atm  gas  pressure 
the  laser  could  be  operated  at  a  few  Hz  pulse  repetition  rate  without  any  gas  flow  at 
all.  No  systematic  measurements  of  the  maximum  and  minimum  pulse  repetition  rates 
for  various  gas  exchange  rates,  gas  pressures  and  gas  mixing  ratios  have  been  per¬ 
formed. 

6.3.5  Gas  recirculation  experiments 

Initial  gas  recirculation  experiments  were  performed  in  order  to  be  able  to  recirculate 
gas  containing  a  mixture  of  C02  isotopes.  The  experiments  were  performed  at  5  atm 
gas  pressure,  which  should  be  adequate  for  continuous  frequency  tuning  with  such  a 
mixture  (7)  and  which  is  close  to  the  pressure  limit  of  the  pump.  Only  a  few  gas 
recirculation  experiments  have  been  performed  bec?u.e  successful  frequency  tuning 
experiments  were  performed  at  10  atm  gas  pressure,  see  section  6.4. 

In  preliminary  gas  recirculation  experiments  the  temperature  of  the  gas  and  the  elec¬ 
trodes  was  varied  from  8°C  to  30aC.  It  was  observed  that  at  8°C  the  problem  with 
arcs  in  the  discharge  was  considerably  larger  than  at  20°  C.  This  also  seemed  to  be  the 
case  in  a  subsequent  experiment  where  prechilled  gas  was  just  blown  through  the 
discharge  and  out  into  the  air.  These  are  the  only  experiments  that  have  been  per¬ 
formed  with  cooling  of  the  electrodes  and  the  gas. 

When  the  gas  was  recirculated  and  the  water-cooling  was  at  room  temperature,  the 
laser  performance  in  approximately  the  104  first  shots  was  approximately  equal  to 
when  the  gas  was  just  blown  through  the  laser  and  out  into  the  air.  When  the  laser 
was  operated  at  350  Hz  pulse  repetition  rate  the  laser  could  be  operated  continuously 
for  approximately  4—5  minutes  before  arc  discharges  seriously  limited  the  laser  per¬ 
formance.  This  corresponds  to  approximately  10*  shots.  Then  the  laser  could  be 
turned  off  while  die  gas  continued  to  be  recirculated  for  10  minutes.  When  the  laser 
was  turned  on  again  it  would  oscillate  approximately  as  at  the  start  of  the  experi¬ 
ment,  but  the  time  till  arcs  limited  the  laser  performance  was  only  approximately 
1  minute. 


We  believe  that  the  above-described  behaviour  is  caused  by  gas  dissociation  in  the 
discharge.  We  have  not  measured  the  gas  composition  after  the  experiments  and  we 
have  not  measured  the  gas  temperature  nor  the  temperature  of  the  electrodes  during 
the  experiments.  The  above  described  experiments  indicate  for  how  long  the  laser  can 
be  operated  with  a  simple  gas  recirculation  system  with  no  catalyst  to  regenerate  COa 
from  CO  and  02  and  with  a  simple  water-cooling  system. 


6.4  Frequency  tuning  experiments  and  spectral  characteristics  of  the  laser  output 

Initial  measurements  of  the  laser  output  frequency  when  no  dispersive  elements  were 
used  in  the  resonator  showed  that  the  laser  always  oscillated  on  the  strongest  lines  in 
the  R-branch  at  10.4  fim.  This  was  also  expected  according  to  the  calculated  gain- 
curves  shown  in  Figure  3.4.  All  the  frequency  tuning  experiments  have  been  per¬ 
formed  within  the  R-branch  at  10.4  pm.  The  C02 :  N2 :  He  gas  mixing  ratio  has  been 
2:  2:  96  unless  otherwise  stated. 

6.4.1  Frequency  tuning  with  grating 

Initial  frequency  tuning  experiments  were  performed  with  the  simplest  tunable  reso¬ 
nator  shown  in  Figure  4.8a,  that  is,  with  a  diffraction  grating  as  the  only  resonator 
tuning  element.  The  grating  was  a  PTR-Optics  gold-coated  master-ruled  grating  with 
135  lines  per  millimeter,  blazed  for  10.6 /on.  It  was  mounted  as  close  as  possible  to 
the  waveguide.  The  laser  output  mirror  was  either  a  0.75  m  or  a  1.3  m  radius  of 
curvature  dielectric  mirror  with  approximately  0.5%  transmission,  mounted  close  to 
the  other  end  of  the  waveguide.  The  relative  output  power  on  the  various  line-centre 
frequencies  in  the  R-branch  at  10.4  fim  at  5  atm  gas  pressure  is  shown  in  Figure  6.15. 
Input  rf-power  is  6—7  kW. 

It  can  be  seen  from  Figure  6.15  that  the  laser  oscillates  on  the  transitions  from  R(6) 
to  R(30)  and  that  the  strongest  lines  are  from  R(10)  to  R(20).  The  relative  strength 
of  the  various  lines  is  determined  by  the  rotational  temperature  of  the  C02  molecule, 
see  section  3.2.  The  laser  was  observed  to  oscillate  close  to  only  one  line-centre 
frequency  at  a  time  when  the  grating  was  fine-tuned  for  maximum  output  on  a  line- 
centre  frequency. 
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Figure  6.15  Relative  peak  laser-output  at  various  line-centre  frequencies  in  the  R-branch, 
10.4  pm  band,  at  5  atm  gas  pressure 
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At  10  atm  gas  pressure  the  laser  oscillated  only  close  to  the  line-centre  frequencies 
from  R(12)  to  R(20).  No  frequency  tuning  between  line-centre  frequencies  was  pos¬ 
sible  with  this  laser  resonator. 

At  5  atm,  frequency  tuning  was  also  attempted  with  this  resonator  and  with  a  gas 
mixture  of  1.5%  C120216,1.5%  C120218,  3%  N2  and  94%  He.  The  gas  was  recircu¬ 
lated.  The  laser  was  observed  to  oscillate  close  to  the  line-centre  frequencies  between 
R(18)  and  R(26)  of  C12^16  and  between  R(12)  and  R(18)  of  C120218,  see  Figure 
3.5.  The  output  power  was  comparable  to  the  output  power  with  a  single  C02 
isotope.  The  timing  range  was  much  smaller.  No  further  or  more  detailed  measure¬ 
ments  with  the  isotope  mixture  have  been  performed. 

6.4.2  Frequency  timing  with  beam-expander/grating  combination 

Frequency  tuning  experiments  were  performed  with  a  beam-expander  with  magnifi¬ 
cation  M  =  2.5  in  front  of  the  grating.  This  was  shown  schematically  in  Figure  4.8b. 
The  beam-expander  consisted  of  a  1  cm  diameter  i  cm  negative  focal-length  lens  and 
a  2.5  cm  diameter  2.5  cm  positive  focal-length  lens  separated  by  1.5  cm.  The  lenses 
were  made  of  ZnSe  and  were  AR-coated  for  10  Aim.  The  transmission  through  the 
beam-expander  was  measured  to  be  97.5%  ±  1%.  A  beam -expander  with  larger  magni¬ 
fication  could  not  be  used  because  of  the  limited  space  available  inside  the  laser 
chamber.  With  a  2  mm  beam  diameter  in  the  waveguide  the  frequency  resolution  of 
the  grating  with  the  M  =  2.5  beam-expander  would  be  30  GHz,  according  to  the 
Rayleigh  criterion.  This  resolution  should  allow  frequency  tuning  between  line-centre 
frequencies. 

With  the  beam-expander/grating  combination  the  laser  would  not  oscillate  at  gas 
pressures  above  6.5  atm,  due  to  the  frequency-independent  losses  and  the  limited 
available  rf-power. 

To  increase  the  maximum  reflection  from  the  beam-expander/grating  combination,  an 
extra  partial  reflecting  mirror  with  50%  reflectivity  was  inserted  between  the  wave¬ 
guide  end  and  the  beam-expander,  as  close  to  the  waveguide  as  possible.  With  this 
configuration  no  laser  oscillation  was  obtained  at  all.  This  is  probably  due  to  trans¬ 
verse  mode  coupling  losses  between  the  coupled  resonators,  see  Chapter  4.  It  was  also 
observed  that  the  beam-expander  was  not  perfectly  aligned  with  the  lenses  parallel 
and  colinear  to  each  other.  As  was  pointed  out  in  Chapter  4,  the  alignment  of  the 
beam-expander/grating  combination  is  very  critical  and  this  was  also  observed  in  the 
experiments  without  the  extra  partial  reflector.  No  further  experiments  were  per¬ 
formed  with  the  beam-expander/grating  combination,  even  though  a  more  careful 
alignment  of  the  beam-expander,  the  grating  and  the  extra  mirror  would  probably 
have  given  better  results. 

6.4.3  Frequency  tuning  with  grating/etalon/extra-mirror  combination 

The  resonator  with  the  grating/etalon/extra-mirror  combination  (the  GEM-reflector) 
was  shown  schematically  in  Figure  4.8d.  The  reflection  from  the  GEM-reflector  versus 
frequency  was  analyzed  in  section  4.2.4.  In  the  experiments  the  extra  mirror  was 
mounted  as  close  to  the  waveguide  as  possible,  and  the  etaion  and  the  grating  were 
mounted  close  to  the  extra  mirror.  The  distance  between  the  waveguide  and  the 
grating  was  2— 2.5  cm.  A  discharge  gap  d  of  1.2  mm  was  used.  The  corresponding 
confocal  parameter  b  of  the  free  space  Gaussian  mode  which  most  closely  would 
resemble  the  (one-dimensional)  waveguide  mode  with  d  =  1.2  mm  would  be  5.5  cm, 
see  section  4.1.1.  According  to  equation  (4.6)  and  the  discussion  in  section  4.1.2,  the 
coupling  losses  from  the  grating  placed  2  cm  from  the  waveguide  end  would  be 
approximately  6%. 
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In  the  experiments  described  here  the  output  mirror  was  a  dielectric  coated  Ge-mirror 
with  approximately  0.5%  transmission  and  1.3  m  radius  of  curvature.  It  was  mounted 
on  a  piezoelectric  translator  for  fine-adjustment  of  the  resonator  frequencies.  The 
grating  was  not  mounted  on  a  piezoelectric  translator  as  it  should  have  been  for 
control  of  the  resonance  frequencies  of  the  extra-mirror/grating  reflector  relative  to 
the  etalon  resonance  frequency,  see  section  4.2.4.  This  was  primarily  because  of  the 
limited  available  space  inside  the  laser  chamber.  All  the  experiments  described  in  diis 
section  were  performed  at  10  atm  gas  pressure. 

The  first  experiments  were  performed  with  a  50%-reflectivity  extra  mirror  and  an 
uncoated  2  mm  thick  ZnSe  etalon.  The  angle  between  the  surfaces  of  the  etalon  was 
2  arc  minutes,  measured  in  a  He-Ne  laser  interferometer.  Laser  oscillation  between 
line-centre  frequencies  was  observed  with  this  configuration. 

Subsequent  experiments  were  performed  with  a  70%-reflectivity  extra  mirror  and  an 
etalon  with  surface  parallelism  better  than  5  arc  seconds,  according  to  the  specifi¬ 
cations.  Two  different  etalons  were  tried  separately;  one  was  a  2  mm  thick  uncoated 
ZnSe  etalon  and  the  other  was  a  0.75  mm  thick  ZnSe  etalon  with  51%  reflectivity 
coating  on  each  surface.  The  peak  transmission  through  the  etalons  was  measured  to 
be  99%  (±0.5%)  and  96%  (±1%)  (single  pass)  respectively. 

Frequency  tuning  between  line-centre  frequencies  was  obtained  both  with  the  2  mm 
uncoated  etalon  and  with  the  0.75  mm  51%  coated  etalon.  The  laser  oscillated  most 
easily  with  the  2  mm  uncoated  etalon,  but  the  laser  frequency  sometimes  jumped 
from  one  etalon  resonance  frequency  to  the  neighbouring  one. 

Frequency  tuning  measurement  between  R(10)  and  R(16)  line-centre  frequencies  with 
the  0.75  mm  thick  51%  coated  etalon  is  shown  in  Figure  6.16.  In  that  experiment  the 
grating  angle  has  not  been  varied,  only  the  tilt  angle  of  the  etalon  has  been  varied 
from  about  0°  to  10°.  The  measured  laser  output  frequency  is  shown  versus  the 
etalon  resonance  frequency,  which  has  been  calculated  from  the  measured  etalon  tilt 
angle.  The  resonance  frequency  at  0°  was  determined  from  measurement  of  the  laser 
output  frequency  for  etalon  tilt  angles  close  to  0°.  In  the  experiment  described  above 
it  was  necessary  to  carefully  adjust  the  gas  flow  rate  versus  pulse  repetition  rate  for 
maximum  laser  output  power.  Pulse  repetition  rate  was  200  Hz.  Peak  output  power 
was  approximately  200—300  W.  For  some  etalon  tilt  angles  it  was  necessary  to  fine- 
adjust  the  distance  between  the  grating  and  the  extra  mirror.  This  was  probably  for 
situations  when  the  resonance  frequencies  of  the  etalon  coincided  with  the  resonance 
frequencies  of  the  combined  grating/extra-mirror  reflector.  This  fine-adjustment  was 
accomplished  by  pressing  the  grating-adjustment  screwdriver  into  the  grating  mount. 

6.4.4  Laser  frequency  characteristics 

In  the  measurements  presented  in  Figure  6.16  the  bandwidth  of  the  laser  output  was 
measured  to  be  less  than  the  ~4  GHz  resolution  of  the  1  m  grating  spectrometer.  In 
order  to  investigate  whether  the  laser  oscillated  on  two  or  more  resonator  frequencies 
simultaneously  the  output  pulse  was  detected  with  an  uncooled  CMT  detector  with 
bandwidth  larger  than  1  GHz,  and  the  pulse  signal  was  displayed  on  a  Tektronix  7104 
oscilloscope.  In  Figure  6.17  are  shown  typical  results  at  10  atm  gas  pressure.  The 
lower  trace  shows  a  single  output  pulse  and  the  upper  trace  shows  an  expanded  part 
of  the  output  pulse,  approximately  at  the  top  of  the  pulse  shape.  In  the  picture  to 
the  left,  a  pulse  amplitude  modulation  of  approximately  1  GHz  can  be  clearly  seen. 
This  is  assumed  to  be  the  beat-frequency  between  neighbouring  resonator  frequencies, 
which  are  separated  by  approximately  1  GHz.  (The  resonator  length  is  approximately 
15  cm.)  Thus,  in  that  measurement  the  laser  oscillates  on  two  neighbouring  resonator 
frequencies  simultaneously.  In  the  picture  to  the  right  the  resonator  length  has  been 
adjusted,  by  adjusting  the  voltage  to  the  piezoelectric  translator  which  supports  the 
laser  output-mirror,  to  minimize  the  1  GHz  amplitude  modulation. 
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Figure  6.16  Frequency  tuning  between  R(10)  and  R(16)  line-centres  in  the  10.4  pm 
band,  with  a  resonator  with  a  grating/etalon/extra-mirror  combination 
The  0.7  5  mm  thick  ZnSe  ctalon  has  5 1%  reflectivity  on  each  surface.  The  extra-mirror 
has  70%  reflectivity.  The  ctalon  till  angle  Q!  is  varied  from  0  to  200  mrad. 
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Figure  6.17  Measurement  of  amplitude-modulation  of  the  laser-output  at  10  atm  gas- 
pressure 

Lower  trace  she  s  laser-output  pulse  (100  ns/div).  Upper  trace  shows  expanded  part  of 
the  top  of  the  laser-pulse  (5  ns/div  to  the  left,  1  ns/div  to  the  right). 
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It  should  be  noted  that  the  depth  of  the  1  GHz  modulation  frequency  and  conse¬ 
quently  the  ratio  of  the  intensities  of  the  two  frequencies  cannot  be  determined  from 
the  pictures  in  Figure  6.17.  This  is  because  the  frequency  response  of  the  detector 
and  the  detector  circuitry  is  not  at  ail  constant  up  to  1  GHz. 

At  2  GHz  the  response  of  the  detector  and  detector  circuitry  is  very  low.  It  cannot 
be  seen  from  the  right-handside  picture  whether  the  laser  oscillates  on  two  resonator 
frequencies  separated  by  2  GHz  or  more.  This  can  be  the  case  because  of  the  reso¬ 
nances  of  the  grating/extra-mirror  combination,  which  have  not  been  controlled  in 
these  experiments.  We  believe,  however,  that  when  these  resonance  frequencies  can  be 
controlled,  for  example  by  mounting  the  grating  or  the  extra  mirror  on  a  piezo¬ 
electric  translator,  the  laser  can  be  a  single-line  laser. 

The  variation  in  laser  frequency  during  the  laser  pulse  was  investigated  in  a  hetero¬ 
dyne  experiment,  where  the  output  from  the  rf-laser  was  mixed  with  the  output  from 
a  cw  C02 -laser  on  the  1  GHz-bandwidth  CMT-detector.  The  cw  C02 -laser  was  stabi¬ 
lized  on  the  R(12)  line-centre.  Figure  6.18  shows  typical  measurements  at  4  atm  and 
9  atm  gas  pressure.  In  each  picture  are  shown  three  traces.  In  the  middle  is  the  laser 
output  pulse.  The  sinusoidal  upper  and  lower  traces  are  expanded  views  of  the  first 
and  second  intensified  portion  respectively  of  the  laser  output  pulse.  Each  trace  is  a 
single-sweep  trace  and  the  traces  are  taken  at  approximately  1 -second  intervals. 


Figure  6. 18  Heterodyne-measurement  of  variations  in  the  output-frequency  from  the 
rf-excited  C02  -laser  at  4  atm  and  9  atm 

The  cw  COj-laser  oscillate  on  the  R(12)  line  in  the  10.4jUm  band.  Output  from  the  cw 
COj -laser  is  200  mW  and  peak  output  from  the  rf-excited  C02-laser  is~  200  W. 


The  output  power  of  the  cw  C02  laser  is  200  mW  while  the  peak  output  power  of  the 
rf-lascr  is  200  W.  Not  all  the  power  from  the  rf-lascr  is  incident  on  the  detector.  The 
modulation  depth  of  the  beat -signal  between  the  two  laser  frequencies  depends  on  the 
relative  strengths  on  the  two  beams,  on  the  frequency  response  of  the  detector  and 
detector  circuitry  and  on  the  overlap  of  the  wavefronts  and  the  polarization  vector  of 
the  two  laser  beams  at  the  detector  surface.  Little  effort  has  been  made  to  maximize 
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the  beat-signal  modulation  depth.  It  is  seen  from  Figure  6.18  that  the  modulation 
depth  is  much  smaller  at  9  atm  than  at  4  atm.  A  good  explanation  for  this  has  not 
been  found.  It  may  be  that  the  mode  quality  of  the  output  from  the  rf-laser  is  poorer 
at  9  atm  than  at  4  atm,  or  that  the  rf-laser  also  oscillates  on  other  resonator  frequen¬ 
cies,  see  the  discussion  above. 

In  any  case,  it  is  seen  from  Figure  6.18  that  the  variation  in  laser  output  frequency 
from  pulse  to  pulse  and  during  the  laser  pulse  is  reasonably  low.  The  frequency  chirp 
during  the  pulse  and  the  pulse-to-pulse  frequency  variation  seem  to  be  less  than 
10  MHz.  It  was  observed  that  when  the  resonator  was  well  adjusted,  the  traces  shown 
in  Figure  6.18  remained  stable  for  a  much  longer  time  than  the  3  seconds  used  to 
take  each  picture. 

The  experiments  described  in  this  section  have  only  been  performed  once.  More 
experiments,  with  the  grating  or  the  extra-mirror  mounted  on  a  piezoelectric  trans¬ 
lator,  should  be  done  in  order  to  investigate  the  frequency  in  the  laser  pulse  more 
thoroughly.  The  long  term  stability  of  the  laser  has  not  been  measured. 

6.4.5  The  transverse  mode  profile 

The  transverse  mode  structure  of  the  laser  output  has  not  been  investigated  in  detail. 
When  the  resonator  mirrors  were  slightly  misaligned,  beat  frequency  between  trans¬ 
verse  modes  oscillating  simultaneously  could  easily  be  observed.  The  beat  frequencies 
were  approximately  80  MHz.  It  was  also  observed  that  the  laser  could  jump  from  one 
transverse  mode  to  another  in  the  tail  of  a  long-duration  pulse  at  lower  pressures  than 
10  atm.  When  the  laser  mirrors  were  well  aligned,  and  when  the  output  pulses  were 
not  too  long,  like  in  Figures  6.11  for  example,  the  laser  was  believed  to  oscillate  on  a 
single  transverse  mode. 

The  beam  profile  has  only  been  measured  with  liquid-crystal  paper.  Oscillation  on  a 
higher-order  mode  in  the  open  direction  of  the  parallel-plate  waveguide  has  been 
observed.  Usually  the  laser  seemed  to  oscillate  on  the  fundamental  mode  in  both 
transverse  directions.  The  divergence  of  the  beam  was  smallest  in  the  open  direction 
of  the  parallel-plate  waveguide,  as  expected. 


7  CONCLUSIONS 


In  the  work  described  in  this  report  the  concept  of  pumping  a  C02  -laser  with  a 
radio-frequency  discharge  at  mulriatmospheric  pressures  in  order  to  obtain  continuous 
frequency  tuning  has  been  investigated  both  theoretically  and  experimentally. 
Emphasis  has  been  laid  on  investigation  of  parameters  of  importance  to  attain  a  stable 
and  homogenous  rf  glow-discharge  in  a  COj  laser  gas  mixture  at  5—10  atm,  and  how 
to  couple-  enough  energy  into  such  a  discharge  to  reach  threshold  for  laser  oscillation. 
Experimentally,  discharges  between  parallel  plate  electrodes  have  been  investigated 
and  40.68  MHz  rf-excitation  at  up  to  7—8  kW  peak-power  has  been  used.  A  mulriatmos- 
pheric-pressure  rf-excited  C02  waveguide  laser  has  been  built  based  on  results  from 
the  rf -discharge  experiments.  Continuous  frequency  tuning  of  this  laser  between  vibra¬ 
tional/rotational  line-centre  frequencies  of  COj  has  been  demonstrated.  The  fre¬ 
quency  timing  range  of  the  laser  has  not  yet  been  measured. 


7.1  Results  from  measurements  of  rf-discharge  characteristics  at  mulriatmospheric 
pressures 

In  an  rf  glow-discharge  between  parallel  plate  electrodes  the  peak-to-peak  displace¬ 
ment  of  the  oscillating  electrons  should  be  less  than  the  electrode  separation.  At 
40  MHz  the  electron  displacement  will  be  0.4  —  0.8  mm.  Experimentally  it  is  observed 
that  an  electrode  separation  of  1  —  1.5  mm  is  best  for  a  stable  glow  discharge.  It  is 
necessary  that  the  electrodes  be  covered  with  a  dielectric  material  in  order  to  be  able 
to  strike  the  discharge  easily  and  to  attain  a  stable  glow  discharge  without  arcing  with 
long  enough  duration  to  reach  threshold  for  laser  oscillation.  At  10  atm  die  gain 
decay  time  constant  is  3  —  3.5  ps.  At  mulriatmospheric  pressures  it  has  been  observed 
that  considerable  amounts  of  small  arcs  which  are  detrimental  to  die  laser  perfor¬ 
mance  inevitably  build  up  when  the  discharge  duration  is  longer  than  typically  a  few 
times  the  gain  decay  time-constant. 

It  looks  as  though  a  few  small  arcs  can  be  present  simultaneously  with  the  glow 
discharge  without  significandy  reducing  the  pumping  efficiency  of  the  upper  laser 
level  and  reducing  the  laser  performance.  To  obtain  a  long-duration  glow-discharge 
without  large  amounts  of  arcs  it  has  been  necessary  to  use  a  dielectric  material  on  the 
electrodes  with  sufficiently  large  capacitive  ballasting  of  the  discharge.  Experiments 
have  been  performed  with  0.5  mm  and  0.75  mm  thick  sapphire  ribbons,  1  mm  thick 
alumina  ribbons  and  1  mm  thick  cover  glass  ribbons  on  die  electrodes.  It  has  been 
observed  that  longer-duration  arc-free  discharges  are  obtained  with  the  1  mm  alumina 
than  with  the  0.5  mm  sapphire  ribbon.  Relatively  long-duration  arc-free  glow  dis¬ 
charges  were  also  obtained  with  the  1  mm  cover  glass.  Discharges  with  BeO  ribbons 
on  the  electrodes  have  not  been  investigated. 

To  obtain  a  6—10  ns  duration  glow  discharge  at  10  atm  without  large  amounts  of  arcs 
it  has  also  been  necessary  to  use  a  gas  mixture  with  relatively  low  content  of  C02 
and  N2  compared  to  what  is  used  in  conventional  TE— C02  -lasers.  A  C02:N2:He  gas 
mixing  ratio  of  2:  2:  96  has  been  used  in  most  of  the  laser  experiments.  This  seemed 
to  be  an  optimum  gas  mixing  ratio  for  large  small-signal  gain  and  suffidendy  long 
duration  arc-free  discharges  for  the  input  power  level  and  the  electrode  geometry  used 
in  this  work.  Discharges  with  other  gases  than  C02,  N2  and  He  have  not  been 
investigated. 
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7.2  Laser  performance 

The  laser  has  been  operated  with  a  gas  flow  transverse  to  the  optical  axis.  The 
electrodes  were  covered  with  0.75  mm  thick  polished  sapphire  ribbons.  The  laser 
pulse  repetition  rate  has  been  varied  from  ~10  Hz  to  2  kHz. 

With  no  dispersive  elements  in  the  laser  resonator  and  with  a  2%  laser  output  coupler, 
input  rf-power  threshold  for  laser  oscillation  was  ~2  kW  at  10  atm  gas  pressure.  With 
the  same  output  coupling  1.5  kW  peak  laser  output  power  has  been  obtained  at 
10  atm  with  7—8  kW  input  rf-power.  The  output  pulse  has  the  form  of  a  ~300  ns 
duration  gain-switched  pulse  followed  by  a  tail  at  lower  power.  An  amplitude  stability 
from  pulse-to-pulse  better  than  ±  5%  has  been  obtained.  A  laser  efficiency  (input 
rf-energy/laser-output  energy)  of  ~2%  has  been  measured  at  10  atm  for  die  gain- 
switched  pulse.  Experiments  in  order  to  maximize  the  laser  output  power  and  effi¬ 
ciency  have  not  been  performed. 

Continuous  laser-frequency  tuning  between  C02  line-centre  frequencies  has  been 
demonstrated  between  the  R(12)  and  R(14)  lines  in  the  10.4  Mm  band.  The  optical 
elements  in  the  tunable  laser  resonator  were  a  0.5%  output  coupler,  a  grating,  an 
etalon  and  an  extra  mirror.  The  grating  was  used  as  a  coarse  frequency-tuning  ele¬ 
ment.  The  laser  frequency  was  fine-tuned  between  the  R(12)  and  R(14)  line-centres 
by  tuning  the  tilt-angle  of  the  etalon.  The  extra  mirror  was  used  to  enhance  the  peak 
reflectivity  of  the  grating/etalon  combination.  Peak  laser-output  power  was 
200—300  W.  The  laser-output  frequency  was  measured  to  follow  the  resonance  fre¬ 
quency  of  the  tunable  laser  resonator  approximately  within  the  measurement  uncer¬ 
tainties.  No  pulling  of  the  laser  frequency  towards  line-centre  frequencies  was  ob¬ 
served.  The  spectral  bandwidth  of  the  laser  pulse  was  determined  to  be  less  than  the 
3—5  GHz  resolution  bandwidth  of  the  grating  spectrometer  which  was  used  to  mea¬ 
sure  the  laser  frequency.  Frequency  tuning  experiments  has  not  been  performed  in 
other  parts  of  the  C02  laser  gain  spectrum. 

Measurements  of  amplitude-modulation  of  the  laser-output  pulse  indicated  that  the 
laser  could  oscillate  on  a  single  resonator-frequency  when  the  resonator  length  was 
controlled  with  a  piezoelectric  translator.  Heterodyne  measurements  of  the  laser- 
output  frequency  indicated  that  the  variation  in  the  laser  frequency  during  the  laser 
pulse  could  be  less  than  10  MHz,  and  that  the  pulsc-to-pulse  frequency  stability 
within  a  few  seconds  could  be  equally  good.  These  features  have  not  been  investi¬ 
gated  in  full  detail. 

The  laser  has  been  operated  frequently  during  more  than  half  a  year  without  changing 
the  electrode  material.  Damage  to  the  optical  components  in  the  laser  resonator  has 
not  been  observed. 

It  has  been  observed  that  best  laser  performance  was  obtained  when  the  gas  in  the 
volume  between  the  electrodes  was  renewed  between  each  laser  pulse.  In  some  experi¬ 
ments  at  10  atm  (see  section  6.3.4)  the  laser-output  was  considerably  lower  and  more 
unstable  both  when  the  gas  exchange  rate  was  faster  and  slower  than  the  pulse 
repetition  rate.  A  satisfactory  explanation  for  this  has  not  been  found. 
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7.3  Conclusions  and  recommendations  regarding  future  work 

The  rf-exdted  continuously  tunable  C02  waveguide  laser  described  above  has  been 
operated  with  higher  pulse-repetition  rates  than  pulsed  dc  avalanche-discharge  excited 
continuously  tunable  lasers.  The  peak-output  power  and  output-pulse  energies  have 
been  considerably  lower.  The  experiments  indicate  that  very  good  pulse-to-pulse  stabi¬ 
lity  (±5%)  good  frequency  stability  (v/Av  >  10* )  and  good  frequency  tuning  control 
are  obtainable  with  the  rf-exdted  C02  waveguide  laser.  The  laser  can  be  operated 
with  pulse  repetition  rates  in  excess  of  1  kHz.  A  continuously  tunable  laser  as  de¬ 
scribed  above  should'  provide  useful  applications  for  spectroscopy,  remote  sensing 
optical  pumping  of  other  laser  media,  isotope  separation  and  short-pulse  generation. 
Several  applications  of  a  continuously  tunable  source  in  the  10  pm  region  require 
considerably  higher  peak  powers  and  higher  pulse  energies  than  those  from  the  rf- 
excited  C02 -laser.  A  good  solution  can  then  be  to  use  the  rf-exdted  C02  -laser  as  a 
master  oscillator  for  injection-locking  of  a  10  atm  dc  avalanche  discharge-exdted 
C02 -laser.  Alternatively,  the  output  from  the  rf-exdted  laser  could  be  amplified  by 
dc-excited  COa  -amplifiers.  Scaling  up  the  laser  cross-section  for  more  output  energy  is 
probably  limited  by  the  small  discharge  gap  ~1  —  1.5  mm  which  must  be  used  to 
attain  a  stable  and  suffidently  long  duration  glow-discharge. 

For  the  rf-exdted  C02 -laser  to  become  a  practical  tamable  radiation  source,  first  of 
all  a  more  suitable,  more  compact,  more  reliable  and  probably  more  powerful  rf- 
power  source  than  has  been  used  in  these  experiments  must  be  found.  Experiments 
should  be  performed  to  investigate  alternating-current  glow-discharge  characteristics  at 
other  frequencies.  It  is  expected  that  the  lower  the  frequency  the  more  difficult  will 
it  be  to  obtain  a  long-duration  stable  glow  discharge  without  arcs.  The  laser  structure 
and  impedance-matching  network  design  used  in  these  experiments  can  be  used  at 
least  up  to  100  MHz. 

In  the  GHz  frequency  domain  magnetrons  are  available  which  can  provide  several 
hundred  kilowatt  peak  output  power.  Magnetrons  are  compact  power  sources  with 
very  high  efficiency.  In  this  frequency  domain  another  discharge  geometry  than  has 
been  used  in  these  experiments  must  be  applied. 

The  tunable  resonator  used  in  the  final  laser-frequency  tuning  experiments  is  rela¬ 
tively  complicated.  A  laser-frequency  scan  requires  tuning  of  both  the  grating  tilt 
angle,  the  etalon  tilt  angle  and  the  distance  between  the  grating  and  the  extra  mirror. 
If  more  powerful  rf-excitation  can  be  provided,  the  extra  mirror  can  probably  be 
omitted.  The  frequency  resolution  of  a  grating  alone  is  not  sufficient  for  continuous 
tuning  between  line-centres,  so  either  an  etalon  or  a  beam-expander  must  be  used  in 
addition  to  the  grating.  Which  of  these  solutions  is  the  better  has  not  been  deter¬ 
mined.  At  the  present  time  we  believe  that  a  resonator  with  a  low-finesse  etalon  and 
a  grating  will  give  the  most  stable  and  compact  solution  and  will  provide  the  most 
accurate  laser  frequency  control. 

Work  should  also  be  done  in  order  to  gain  a  better  theoretical  understanding  of  rf 
glow-discharge  characteristics  at  multiatmospheric  pressures.  This  is  important  for  a 
better  understanding  of  the  laser  performance  and  for  the  best  utilization  of  the 
rf-discharge  excitation  technique.  Special  attention  should  be  paid  to  the  arcing  prob¬ 
lem,  and  the  relation  between  gas  exchange  rate  and  the  pulse  repetition  rate.  The 
charge  distribution  in  the  discharge  has  not  been  considered  in  detail  in  this  work. 

The  excitation  efficiency  of  the  upper  laser  level  of  C02  in  the  rf-discharge  has  not 
been  investigated  in  detail  in  this  report.  The  optimum  E/N  ratio  for  most  efficient 
excitation  of  the  upper  laser  level  of  C02  has  not  been  determined  for  the  gas  mixing 
ratios  used  in  these  experiments.  The  E/N(rms)  for  which  the  self-sustained  rf  glow- 
discharges  operate  has  not  been  considered  in  detail  theoretically  for  die  various  gas 


mixing  ratios,  and  it  has  not  been  determined  very  accurately  experimentally.  The 
discharge  staba:ring  effect  of  the  dielectric  materials  on  the  electrodes  should  be 
more  thoroughly  investigated.  More  dielectric  materials  and  various  thicknesses  should 
be  tried  out  experimentally.  An  optimum  gas  mixing  ratio  and  electrode  dimension 
for  sufficiently  long-duration  glow  discharge  without  arcs  and  for  as  high  pumping 
efficiency  oi  >he  upper  laser  level  as  possible  should  be  found.  The  effect  of  the  gas 
temperature  on  the  gain  and  on  the  arcing  problem  should  be  investigated  more 
thoroughly. 

Finally  h  should  be  noted  that  a  continuous-wave  continuously  tunable  C03  -laser  has 
not  yet  been  demonstrated.  The  rfdischarge  excitation  technique  would  perhaps  be 
the  most  suitable  excitation  technique  for  such  a  laser.  This  is  because  it  has  been 
shown  that  a  stable  rf  glow-discharge  can  be  generated  between  narrow-gap  electrodes 
with  a  fast  transverse  gas-flow  at  10  atm.  The  electrode  structure  both  confines  and 
cools  the  gas  discharge  and  serves  as  a  waveguide  for  the  optical  field.  The  main 
problems  that  must  be  solved  ire  the  gas  cooling  and  gas  dissociation.  The  necessary 
transverse  gas  flow  rate  will  probably  be  determined  by  the  time  duration  for  which 
the  discharge  can  be  kept  free  for  arcs. 
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